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ABSTRACT

|
The remarkable potential of deep space laser communications
based on low power transmitters in deep space vehicles, extremely
narrow beamwidths (0.01-1,0 arc seconds), and very wide-band fre-
quency channels can be fully exploited only when the laser beam
pointing problem is solved. Of particular interest is the mission
of communication from a deep space vehicle directly to Earth,

This second Bi-Monthly Technical Report describes the progress
made in the major technical areas of systems analysis and synthesis,
establishment of reference axes, and techniques for measuring and
positioning the laser beam. The presence of the Earth's atmosphere
in the communication link with its random turbulence phenomena
profoundly affects the system design, and introduces additional
requirements for system synthesis beyond those associated with the
extraordinary optical precision due to the narrow beamwidths and

the dynamics of closed loop operation with transit t1me effects and
target-observer motions.

During this period, attention has been concentrated on the
II “In Vacuo" case space vehicle and Earth station system configurations,
closed loop system analysis, the dynamics of vehicle trajectories
and lead angle computations for observer and target motion compensation
l and the preliminary aspects of laser beam spreading due to atmospheric
differential refraction., These activities correspond to the major
technical areas noted above.

The report also includes manpower utilization data and concludes
with a bibliography of cited references for the main text, mathematical
appendices, and a bibliography for the appendices.

ot
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FOREWORD

This Bi-Monthly Technical Report, ertitled "Study of Laser
Pointing Problems", was prepared in accordance with NASA Contract
No. NSAW-929, Article IV B, This second technical report covers
the period 1 October-30 November 1964. The work is carried out
under the direction of Mr, R. F, Bohling, NASA Headquarters, and
Mr. F, R. Morrell, NASA, Langley Research Center, The studies
described herein were performed by Aaron Wallace, Project Director,
George Strauss, Dr. Sebastian Monaco, George Schuster, Suzanne
Winsberg, John Meader and Judah Eichenthal of the Corporate Tech-
nology Center, Systems and Space Division staffs of the Kollsman
Instrument Corporation.
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I, INTROLUCTION

The United States Aerospace investigation and exploration
programs under the direction of NASA include families of lunar
and near interplanetary missions, far interplanetary and inter-
stellar probes, observatory satellites, and numerous scientific
satellites, Ref. (1). From a scientific point of view, the
amount of information and data to be generated in the course
of these missions is expected to be enormous, as well as of the
highest importance for this nation's continued progress in
science and space exploration,

It is evident that the successful implementation of these
programs will depend upon progress in the propulsion and communi-
cation fields. Although a considerable number of advances have
already taken place in these areas, it is clear that new communi-
cations channels must be developed since the pnresent-day booster-
rocket and microwave communications technologies are already
approaching ideal performance limitations, Ref. (1}, Section II.
Optical communications based on the current rapidly expanding
laser technology may provide the necessary breakthrough because
of the unprecedented space and frequency bandwidths made avail-
able as a result of the laser's spatial and temporal coherence,
Ref., (1), Sections II, III.

However, the remarkable potential of deep space lascr com-
munications based 9n low power transmitters, extremely narrow
ttecamwidths, and very wideband frequency channels involvirng high
data transmission rates cannot be fullv exploited unless the
laser beam pointing problem is solved.

Xollsman experience and research activities in the systems
synthesis, system analysis, control, and computer fields have
led to the conclusion that a systems approach to the Laser Beam
Pointing Problem is required in addition to the application of
specific technical knowledge to the detailed solution of its
component aspects. This systems approach was described in Ref,
(1), and the detailed program activities to implement this ap-
proach were outlined. Application of systems theory to this
problem leads to the major conclusion that the presence of the
Earth's atmosphere in the communication link with its random
turbulence phenomena profoundly affects the system design, As
a result, additional requirements for system synthesis are in-
troduced beyond those associated with the extraordinary optical
precision due to the narrow beamwidths and the dynamics of
closed-loop operation with transit time effects and target ob-
server motion,
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A, REVIEW OF PREVIOUS ACTIVITIES

The present report summarizes the activities of the
second bi-monthly period, October-November, whereas the first Bi-
Monthly Technical Report, Ref, (1), describes the previous period's
investigations, A summary of progress to date is given in the
next section, and the previous activities may be briefly describ-
ed as follows.

A comparison was made of the performance capabilities
of deep space radio communications and deep space laser communi-
cations "In Vacuo" (without atmosphere). This analysis demon-
strated the potential value of laser communications, and establish-
ed order of magnitude values for some of the major system para-
meters, Ref. (1), Section IIA, IIB, then a tabulation was made of
all the major system variables, errors, and uncertainties, which
demonstrated that a simple open cycle system based on convention-
al astronomical procedures and techniques would encounter in-
superable obstacles '"In Vivo" (with atmosphere), Ref. (1), Sec-
tions IIC, IID, As a result of the analysis of system problems
previously set forth, it was concluded that a hybrid open-and-
closed loop system utilizing coarse and fine techniques was the
most flexible system for the purposes of laser beam pointing,
Ref, (1), Section IIE, Analysis of the "In Vivo" conditions (in-
cluding atmospheric turbulence) in Section III produced the con-
clusion that a "distributed" type of receiving system at the
Earth Station would probably be required to satisfy the constraints
imnosed by the atmosphere in terms of extraneous radiation inter-
ference, angle of arrival fluctuations, and phase coherence de-
gradation, Ref. (1), Section IIF, A preliminary beam pointing
acquisition and track sequence was then evolved to implement the
hybrid system operation, including the utilization of DSIF data
for preliminary open cycle coarse search and acquisition, Ref,
(1), Section IIG, '

As previously noted, an extensive preliminary analysis
was given of the effects of the atmosphere on laser beam propa-
gation, Ref. (1), Sections IIIA-F, In addition, preliminary
data was presented on the principles of optical beam deviation for
fine beam measuring and positioning, Sections IV A, B, and a de-
tailed discussion of boresight maintenance techniques employed in
various Kollsman celestial tracking systems was provided in
Section VA. The implications of the hybrid system closed loov
tracking on the boresight maintenance subsystem analysis was brief-
ly noted in Section VB,

The subsystem studies on atmospheric propagation, fine
beam deflection, and boresight maintenance confirmed the choice
of a hybrid system as providing the greatest possibilities for the
use of feedback techniques to eliminate or dilute the requirements
for extreme precision or accuracy in the subsystems and components,
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B, SUMMARY OF PROGRESS

Significant progress has been made in the major techni-
cal areas of systems analysis. Reference Axes, Measuring and
Positioning Techniques, and Boresight Maintenance, of Ref. (3),
Section IA. As a result of the closed loop systems analysis,
it has been found possible to relax the accuracy requirements
in the Reference Axis needed in addition to the line of sight
from the space vehicles to Earth., The analysis also shows that
the fine beam deflection system needed for lead angle correction
and the boresight maintenance system can be enclosed within the
tracking loop, thereby suggesting the possibility of reducing
accuracy requirements in these subsystems.

Generalized block diagrams have been evolved to des-
cribe the complete Laser Beam Pointing System, both in the
space vehicle and the Earth Station for "In Vivo" case (includ-
ing atmosphere), Section IIA, Provision for utilizing the DSIF
network is included, and also, a monitoring system for the
Earth Station based on a high flying aircraft to determine the
local state of the atmosphere for prediction purposes. Section
IIB describes several possible search-acquisition modes based
on the use of a one megawatt pulsed laser source for the Earth
Station beacon. The use of a pulsed laser bypasses the low
power limitation of cw lasers and the practical difficulties of
a space borne coherent receiver (due to state-of-the-art limitations),
This technique provides adequate signal-to-noise ratios at the
space vehicle, further described in Section IIC, wherein by com-
parison with celestial sensors, it is shown that "In Vacuo®
tracking accuracies of 0.001 arc second are feasible. A mathe-
matical analysis of Reference Axes' accuracy requirements is
presented in Section IID. It is shown that a two arc second
celestial tracker can provide sufficient accuracy for a 0.01 arc
second beamwidth system, and lower accuracies are needed for the
wider beamwidths (0.1-1.0 arc second).

A survey of celestial data characteristics and some
performance attributes for present-day celestial sensors are
presented in Sections IIA and IIIB respectively. These sec-
tions support the conclusion that present-day celestial data and
sensors are adequate for the purposes of laser beam pointing con-
trol, and further, that very high closed loop tracking accuracies
can be achieved provided that adequate signal-to-noise ratios are
available, The analysis of laser beam propagation through the
atmosphere in the direction from space to Earth is resumed in
Sections IIIC and IIID for static homogeneous single layer and
multilayer models, It is shown that for these models, atmospheric
effects are negligible, and therefore, turbulence represents the
major source of system uncertainty and inaccuracy. Section IIIE
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discusses the various types of Reference Axis systems based on
other geometrical and analytical techniques, such as gyros,

velocity matching, etc,, which now become meaningful since the
highest order of accuracy is not required. ‘

In order to nrovide concrete numerical error analysis
of system performance, a particular mission has been selected,
namely, a Mars Fly-By, similar to the present Mariner/Mars mis-
sion, A mathematical analysis of the trajectories has been
carried out, and the mathematical details of the lead prediction
problem have been determined. These analyses are given in Ap-
pendices A-D. Numerical calculations for selected points during
the mission are presented in Section IVA which show that the
maximum lead angle is of the order of 40 arc seconds, and the
associated angular rates are extremely low, of the order of 10-5"

arc second/second. This data may be compared with the prelimin-
ary feedback analysis of the closed loop tracking system present-
ed in Section IVB, and it is concluded that these rates are well
below the limitations on the system velocity constant imposed by
the transit time transport laps. The use of pulsed time gating
techniques to reduce the effects of system internal and external
noise in the space vehicle receiver-tracker subsystem is des-
cribed in Section IVC, taking advantage of the pulsed signal

from the Earth Station beacon,

The overall characteristics of the laser beam pointing
control system are summarized in Section IVD, and it is shown
that for "In Vivo'" operation, a distributed type of receiving
system is needed for the Earth Station. A preliminary descrip-
tion of a ten by ten array of coherent receivers is given, and
the advantages of both spatial and temporal averaging are des-
cribed in terms of a potential reduction of angle of arrival
fluctuations from 1.75 arc seconds r.m.s. to 0.0175 arc second
r.m.s. The use of this same array in a pair of three-sensor
interferometers to provide error signals to the space vehicle
is also described., This loop closure can provide the correction
for inaccuracies in the space vehicle laser beam pointing sub-
system, thereby diluting the requirement for extremely high
precision in the fine beam deflection. The implications of the
foregoing for the boresight maintenance system are described in
Section IVE, as well as the use of look-through techniques in
the space vehicle to correct for slow boresight variations in
the cw laser optical system,

Manpower utilization data is given in Section VIII, and
a bibliography of cited references may be found in Section IX,
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I, SYSTEMS ANALYSIS*

The most flexible Laser Beam Pointing System for "In Vivo"
operation is the hybrid (combination open-and-closed loop) system
based on the joint use of Reference Axes' data derived from the
DSIF and a celestial sensor which provides coarse pointing and ini-
tial acquisition information, followed by a cooperative system
using successively narrowed fine beam acquisition and tracking
modes., In such a system, maximum use of lumped and distributed
configurations, coding, correlation and prediction procedures can
be employed to optimize data transmission capacities, beam pointing
control procedures, propagation conditions, etc.

This section will describe the activities in systems analysis
and synthesis, including the development of generalized system
block diagrams, a detailed description of the Search and Acquisi-
tion process based on the use of DSIF data and a pulsed laser Earth
station beacon, and the beam pointing signal-to-noise ratios which
can be achieved during the acquisition and track modes. Detailed
discussions of the major problem areas of Reference Axes and Beam
Measuring and Positioning are given in Sections III and IV,

Inasmuch as the analysis of laser beam atmospheric propagation
is still in process, most of the considerations presented in this
section apply to the "In Vacuo" case, but the information is cap-
able of being generalized to the "In Vivo" environment, cf, 1
(II E, F) ., **

A, BEAM POINTING SYSTEM BLOCK DIAGRAMS***

Based on the descriptions of system factors and variables
in 1 (I1 C,D), the arguments leading to the choice of a hybrid
open~and-closed cycle system configuration for the Laser Beam
Pointing System were presented in 1 (IIE), The similarities and
differences between "In Vacuo" and "In Vivo" operation were
described in 1 (IIF), leading to the consideration of both "lumped"
and "distributed" systems. Thereafter, in 1 (IIG), an operational
acquisition and track sequence was presented which precisely covers
the "In Vacuo" case, and with modification is suitable for the more
realistic "In Vivo" opecraticn. The block diagrams presented in this
section are based on the system and operational block diagrams pre-
viously given in 1 (Fig., 3) and 1 (Fig. 7) respectively,

The total hybrid open-and-closed cycle system block diagram is
shown in Figure 1, Because the "In Vivo" operation is not symmetri-
cal in both directions of propagation as described in 1 (IIF), the

® Based on notes prepared by A. Wallaece except as noted,

**For convenience, the abbreviation 1(IIE,F) is used to denote
Ret, (1), Sects IIE, IIF.

***Based on notes prepared by A, Wallace,
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upper part of the block diagram (above the dashed line) shows a
separate block for the Space~to-Earth atmospheric transmission (and
similarly for the Interplanetary Media). The Earth-to-Space direc-
tion of propagation is similarly treated in the lower part of the
block diagram., Although the resultant diagram shows a functional
symmetry, this is superficial because the effects of atmospheric
turbulence and extraneous noise sources have marked influences on
the design of the space vehicle and Earth systems, cf,I(IIF).

Also, the acquisition and track sequence for both ends of the com-
munications and pointing link is not symmetrical as described i

I (I1IG).

For example, the space vehicle transmitter will be a low-power
modulated cw laser whereas the Earth Station transmitter will prob-
ably be a high-power pulsed laser. The space vehicle tracker will
be a lumped system using either a parabolic telescope or a phased
array, but the Earth Station will probably require a distributed
system configuration, Similarly, there will be major differences
in the Reference Axes, Boresight Maintenance, etc.

The operation of the system is described by the acquisition
and track sequence of 1 (Fig. 7). Together, the two figures pro-
vide a first order description, that is, the two figures are com-
plementary in accordance with the precepts of general systems
theory, Ref. (2). The block diagram of Fig. (1) is generalized in
the sense that it describes all of the classes of systems discussed
in 1 (IX E, F), that is, "In Vacuo" and "In Vivo", "lumped'"and
"distributed."” In addition, provision is included for DSIF moni-
toring of the space vehicle and Earth Station detailed performance
in accordance with the prccedures followed for the Mariner Space
vehicles, Ref, (3). Also, provision is made for partially (statis-
tically) closing a loop around the Earth's atmosphere for each
direction of propagation by separate monitors, At the time of deep
space laser transmission, a high altitude aircraft station-keeping
about 40,000 feet above the Earth station can set up a local laser
atmospheric measuring system to provide the "pointing control com-
puter'" ‘with detailed information on atmospheric propagation for
fine pointing control.

A more detailed second order generalized block diagram of the
hybrid Laser Beam Pointing System is shown in Figure 2. Comparison
with Figure 1 will delineate the main features of the system. Its
operation is described by the acquisition and track sequence depict-
ed in 1 (Fig. 7).

It will be noted that the "Pointing Control Computer" has been
divided into "Coarse' and "Fine" Sub-computers, This is consistent
with the various modes of coarse and fine operation, since both
open and closed loop logics are involved which must be worked out
separately., Similarly, the actual "pointing" and "optics" are
divided into "Coarse'" and "Fine" to allow for different modes and
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different hardware implementation, It is assumed that this situa-
tion holds both for the space vehicle and the Earth Station, and
will cover the spectrum of beamwidths from 0.01 arc second to 1.0
arc second. However, for the wider beamwidths, around 1.0 arc
second, some simplification by combination of function will be
achievable, that is, tracker coarse-fine pointing, use of single
dish for both transmitting and receiving functions in the space
vehicle, time-sharing of data-takeoffs, etc.

The space vehicle configuration will be much simpler than that
of the Earth Station. By taking advantage of the vehicle's
stabilization (sun sensor and canopus tracker), the DSIF command
and control, and the inherent advantages of the closed loop con-
figuration used for beam pointing control, the Reference Axes
"upstairs" are derived from the Earth Station "downstairs' and
"one" directional reference. As described in Section IID later in
this report, this reference can be a one or two second accuracy
Canopus tracker or Sun Sensor, Other possibilities exist., Because
of atmospheric phenomena, the Earth Station configuration will be
more complex,

Some of the blocks in Figure 2 are not properly part of the
laser beam pointing system, but are shown because they are involved
in the total mission, including DSIF control, the laser modulation
and data transmission, data processing, etc, Further details con-
cerning possible implementations of the generalized block diagrams
of Figures 1 and 2 are given later in this report,

The full impact of the "In Vivo" atmospheric effects on beam
pointing accuracy has yet to be evaluated. Preliminary analysis of
the laser beam pointing signal-to-noise ratios and the kinematics
of lead angle computation for the "In Vacuo" case indicates that
the hybrid system can yield laser beam pointing control for the
beamwidth spectrum from 0,01 - 1,0 arc second. On the other hand,
if the statistics of atmospheric turbulence generate irreducible
uncertainties in angle of arrival and received beamwidths of the
order of one arc second or greater, the question of the utility of
beamwidths smaller than 0.1 arc second becomes a subject for trade-
off analysis.
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B. SEARCH AND ACQUISITION PROCESS*

Until the start of laser communication, the DSIF consti-
tutes the sole link between Earth Station and space vehicle., The
search-acquisitionwill probably be initially made at a range of
some 50 x 106 kilometers. It may require periodic repetition since
the Earth's rotation requires hand-over of the tracking function
from one Earth Station to another., Such re-acquisitions will
proceed on the basis of much more precise information than the
initial one, and, therefore need not be too time-consuming. There
is, however, the possibility of track break at any time, as the
result of impact of small space objects strong enough to push
the tracking loop beyond its control range, but not strong
enough to cause permanent damage, or to interrupt microwave
communications. Such track break could occur during the
terminal phase of the mission, and new acquisition should
not require so much time as to lead to serious loss of real-
time information transmission. Acquisition time from any part
of the mission must therefore be minimized. This forms the
prime criterion for its implementation, and the availability
of sufficient laser power at the Earth beacon (within reason)
will be assumed,

Tracking information from the microwave system at the Earth
Station is quite accurate, A tracking antenna with a 210 foot
diameter and 61 db of gain is presently under construction,
Ref, (4), and it is expected to furnish space vehicle angle
information with error not exceeding 0,02 degree. Actually,
the 85-foot,53-db antenna presently in use tracks strong
signals with angular errors between 0.01 and C.02 degree,
and signals near threshold with 0.05 degree error. For
present purposes, the angular uncertainty at Earth Station
with respect to the space vehicle will be taken as 1 minute
in each azimuth and elevation. Initial information aboard
the space vehicle will be somewhat cruder, angular uncertainty
being on the order of 0.50 degree in each direction, and is
derived as follows:

Ref. (4) gives the diameter of the spacecraft antenna
presently used as four feet, and the gain as 20 db (at L-band).
Using the gain as criterion, beamwidth @ is given by

8s = (4%/Gs)1/2 = (4%/100)1/2 = 0.35 Radians = 20°
The ground-based station's beamwidth is, by comparison:

8g = (4X/Gg)1/2 = (4%/19,300)1/2 = 0,018 Radians = 1°
permitting tracking accuracy of 0,02 degree; the lobing technique
used thus splits the beam by a factor of 50, Applying the same
factor to the space-vehicle antenna yields tracking error of

0.4 degree. The assumed number of 0.5 degree should be readily
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achievable, since the space vehicle's angle tracking system has
the benefit of the greater transmitter power available from Earth.

The projected S-band system, with the 210-foot ground-based
and 10-foot vehicle-borne antenna should yield further improvement.

The space vehicle receiver must therefore search through a
somewhat larger volume, While it is possible to break up the
scanning process into an Earth-acquisition and a beacon-acquisition
phase (the vehicle based laser tracker being used as Earth-acquiria:
star-tracker during the first phase), and then scanning the angle
subtended by Earth for the beacon, it does not readily become
apparent what advantage in time and simplicity would be gained
by so doing.

In this connection, it may also be noted that the high
angular accuracy implied by a l-second (or less) beam transmission
from space does not necessarily apply to the Earth beacon's trans-
mission. This beam could be wider and directed with less precision
the major requirement being illumination at the space vehicle., The
wider beam would, of course, lead to dilution of power which would
have to be made up in order to yield adequate signal at the vehicle,

1. Scanning Approach

Earth Station must locate the space vehicle within
a solid angle of 2-by-2 minutes with less than l-second error in
angle. One possible method of search consists of causing a
beacon laser beam of about 2-by-2 seconds to scan through the
search volume at such speed as to allow the space vehicle receiver
to scan its own search volume, 60-by-60 minutes at each element
of the beacon scan, Figure 3(a). The vehicle's scan speed is,
in an electronically scanned device, limited by signal strength
only. By definition, it is assumed that sufficient beacon power
can be made available for adequate scan speed, The space vehicle's
raster must be scanned through at each of the Earth Station's
3600 beam positions, each of which is identified by a characteris-
tic binary code. This code would, in the case of the 3,600-element
raster, require 12 bits, The number of decision elements required
for each angular element of the space vehicle's search raster thus
depends on the number of angular elements in the Earth Station's
raster. The total number of angular elements that may have to
be searched is (nm), where n is the number of Earth Station beam
positions, and m the number of elements in the space vehicle's
search raster.

Assume (for the sake of simplicity)that the values for n
which may be chosen increase in binary steps, n = 24, and the
total number of decision elements in the search process is
(mnq). If the number of angular elements in the Earth Station's
raster is halved (q' = q-1, n' = n/2), and the power density
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in the beam incident :pon the space vehicle is also halved,
requiring T' = 2T (that is, for equal signal-to-noise ratio,
twice as much time must be spent on each decision element)

then the number of dcc.-ion elements is m x n' x q' = m x n x
(q-1)/2, and the total search time has been reduced by (q-1)/q.
This argument would seem to faver breaking the search process
up into two or more steps, starting with coarse angles and
successively refining them. Actually, however, this would
increase the number of required confirmation intervals, each

of which may be as long as eight minutes, if re-acquisition

at ranges in the order of cne AU becomes necessary. This

would more than outweigh the slight reduction in frame time,
aside from the fact that one or more fine search frames would
have to be added. From the point of view of overall efficiency,

break-up into coarse and fine search processes probably does not
result in much gain.

Once the space velLicle's receiver scan finds the Earth
beacon's beam, the characteristic code is sent back, This
probably would have to be done via the microwave link, since
the Earth Station's light receiver is generally not looking
the right way. The Earth Station will then direct its trans-
mitter at the angle element identified by the code retrans-
mitted from the space vehicle and the light receiver at an
angle related to the transmitter angle by the computed lead,
where it should pick up the space vehicle's laser beam, It
is assumed in all the forezoing that the entire search volume
is not stationary, but follows the antenna motion of the

microwave system, both at the Earth Station and in the space
vehicle,

A rough calculation of available signal power indicates
that gas-type lasers, capable of providing modulated c-w
emission, would be inadequate for the purpose., At a space
vehicle range of 0.5 AU, a one-watt Earth Station light trans-

mitter, radiating into a one-second beam will provide a signal
strength of, cf, 1(IIB):

Py Pr 1 W

SR = w2 §2R? (4.85x10-6)2 x (75x101llcm)2

7.6 x 10°® Watts-cm~2

This power density is comparable to that from a 6.5 magnitude

star, and is judged quite inadequate, particularly in light of

the fact that it must be detected against the bright background

of sunlight reflected from the Earth. Assuming 58 ergs/(cmzsec.ﬂ),
Ref, (5), solar flux outside the Earth's atmosphere, and the space
vehicle's light receiver, protected by a filter of one X bandwidth
looking toward a fully illuminated Earth, the incident power density

13
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will be

1R x 58 ergs x 1.27 x 1018 cm2x0.34x10-7 Watt-sec
X x em?2 x sec x erg x 4 (75x1011lcm)?2

‘where 1.27 x 1018 is the Earth's area, 0.34 the Earth's albedo,

and 75 x 1011 cm the space vehicle range (as before). This amounts
to 3.1 x 10-15 watt-cm=2., Even with the Earth's illuminated side
partly turned away from the vehicle, the reflected sunlight would
be at least comparable to illumination due to the laser beacon,

In order to secure significantly higher beacon power, a
pulsed ruby laser may be used, from which powers on the order
of one megawatt (peak pulse) can readily be obtained. Such
lasers can, however, be presently pulsed at rates only up to
about 50 pps. A 12-bit code word would thus require on the
order of 0.25 seconds, leading to a totally unacceptable
acquisition interval., Even if the space-vehicle's search
field of 1.0 by 1.0 degree were broken up into elements of
1.0 by 1.0 minute, a single receiver field would require on
the order of 900 seconds. For this reason, an acquisition
process based on element-by-element scan appears to be
impractial,

2. Lobing Approach

Should the Earth Station transmit at a peak-power
level of one megawatt (typically, pulses of 25 nanoseconds width
at repetition rates in the range 10 pps to 50 pps) into a beam
of one-minute width, the resulting power density at a space
vehicle range of 0,5 AU will be

SR8 109 watts = 2,1 x 10'13 Watts-cm‘2
(0.291x10-3)2 x (75x101lcm)?

which compares favorably with the incident illumination from the
one-watt laser, despite the greater beamwidth used here. The
transmitter beam may be lobed back and forth to either side of
the space vehicle's assumed position, Figure 3(b), so that the
space vehicle is certain to be illuminated. Each lobe carries

a characteristic signature, enabling the space vehicle's light
receiver to measure the signal strength received from the two
lobes., This information can be transmitted back to Earth,
permitting calculation of the actual target angle (assuming well-
prescribed beam shape)., The process can be performed sequentially
for the azimuth and elevation directions. Once angular informa-
tion is refined on the basis of the relative signal strength due
to the two coarse lobes, a finer beam with greater concentration
of power can be directed to the space vehicle, permitting more

14
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zccurate acquisition and tracking. Lead angle computation for
toth Earth Station and space vehicle can be performed at the

tarth Station. Commands for space vehicle lead can be radioed to
the vehicle via the DSIF 1link,

A an alternative to this angle refinement procedure which
:2pends upon accurate knowledge of the beam shape, the space
vehicle can, upon detection and recognition, transmit its own
iaser beam (based upon the lead-angle command received from the
Earth Station, The Earth Station's light receiver can then use

cocnventional beamsplitting techniques to refine the angular
measurement, Figure 3(c).

3. Possible Acquisition and Track Sequence

A preliminary description of the hybrid system loop
closure process was previously given in 1(IIG), cf. 1(Fig. 7). In
partial accordance with the foregoing, the following sequence is
proposed as the approach taking best advantage of available time
and signal, assuming that Reference Axes have previously been
zstal:lished in the space vehicle,

(a) Earth Station transmits a two-by-two minute,
pulsed, one-mw beam, covering the angular
uncertainty, thus insuring illumination at
the space vehicle, Figure 3(c).

(b) Space vehicle light receiver scans its total
field of view (+30 minutes with respect to
DSIF antenna axis in both directions), with
an instantaneous field of view on the order
of one-to-two minutes, The dwell time at
each element need not be longer than one PRF
interval of the Earth beacon's transmission,
Because of the pulse-coded transmission, the
threshold may be set so low as to exclude
(for practical purposes) the probability of
missing the signal if it is there (detection
probability almost unity). Logic must be
incorporated to increase the dwell time for
purposes of code test if a pulse is received.
The code test typically consists of counting
the number of pulses in a given interval, If
the result of the code test is negative, raster
scan resumes; if positive, angular information
can be refined by use of beamsplitting tech-

niques, resulting in angular error on the order
of +2seconds.

(c) Using the lead-angle command transmitted from
the Earth Station, the vehicle transmits a
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two-second beam referenced to the coarse line
of sight established in (b).

(d) Earth Station receives two-second beam and
refines angular information to 0.1 second,

(e) Earth Station transmits a one-second beam to
angle established under (d), using appropriate
lead correction,

(f) Space vehicle receives fine beam and improves
angular tracking accuracy to 0,1 second.

(g) Space vehicle transmits one-second beam, ref-
erenced to angle established under (f), with
appropriate lead angle,

Further steps of similar type would be used to generate 0.1
and 0.01 arc-second beamwidth closures, Information concerning
the generation of Reference Axes and angular tracking techniques
is given later in this report, Sects, II, III, IV, Lead angle
computations are described in Section IV A and Appendices A-D.
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4, Estimate of One Arc Second System Acquisition Period

At a space vehicle range of 0,5 AU, one-way trans-
mission requires approximately four minutes; this is the amount
of time needed for (a). Assuming 10 pps coding on the Earth's bea-
con, the dwell time for each raster element must be a minimum of
0.1 second, If the 60-«by-60-minute field of view is broKen up into
one-by-one-minute elements, the total raster search requires 720
seconds, or 12 minutes. In addition, it may be assumed that with
the low threshold setting a few noise pulses will be picked up,
necessitating code test intervals of, say, 10 decision elements,
or one second each; this is only a trivial addition to the overall
search period. The beam-splitting coarse~track operation will, with
probable tracking-loop bandwidth upwards of a few cycles per second,
require no more than about one second. Retransmission (c¢) of laser
beam from space vehicle to Earth requires about four minutes, Track-
ing operation (d) at the Earth Station should not add materially to
the overall time, Transmission (e) of fine Earth Station beacon
beam requires four minutes. Space vehicle fine-track operation
needs only a second or less (f). Step (g), which constitutes start
of operation of the communications link, requires four minutes.
Thus, a total of approximately 28 minutes is required from the in-
ception of search to the start of actual link operation, at a space
vehicle range of 0.5 AU. Of this, 16 minutes are due to trans-
mission delay and will increase directly with distance. At a range
of one AU, the required period will be 44 minutes, For the very
narrow beamwidth systems (0.01, 0.1 arc second), the acquisition

process will be longer, depending on the number of additional steps
required.

C. SPACE VEHICLE TRACKER PERFORMANCE *

The use of a pulsed laser transmitter for the Earth Station
beacon signal offers significant advantages over a low power c-w
laser source on the assumption that it will not be possible to pro-
vide coherent heterodyne receiver operation in the space vehicle
within the next few years for state-of-the-art reasons, 1(II F),
Because of the high peak power (one megawatt or more), the beacon
signal-to-noise ratio at the space vehicle can be several orders of
magnitude greater than the extraneous radiation background limita-
tions usually considered, Ref, (5), c¢f, Section II B above, For
the beam pointing system whose overall tracking bandwidth is small,
pulse gating techniques can be used to further decrease the inter-
ference due to extraneous radiation sources such as the sunlit
Earth, cf. section IV C of this report, 1If, on the other hand,
coherent space vehicle receivers become available, the Earth Station
laser- transmitter could be derived from a low power c-w source, cf,
Refs., (6),(7), since the narrow receiver bandwidths (10 mcps) could
be used to filter out the background.

Based on notes prepared by A, Wallace,
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The characteristics of celestial data and some performance at-
tributes of celestial sensors are described subsequently in sec-
tions III A and III B, 1In section II D, below, it will be shown
that with coarse vehicle stabilization provided by a Sun Sensor
and a Canopus Tracker, similar to the Mariner/Mars, the Reference
Axes are implemented by the closed loop space vehicle tracking of
the Earth Station beacon on the one hand, and a precise (in the
order of 1-2 arc seconds) direction to a celestial object (such as
Compass) on the other. 1In other words, because of the closed loop
process and the relatively low value of lead angle (up to a maxi-
mum of about 40 arc seconds, Section IV A), the need for extreme
precision in independent Reference Axes is greatly reduced, and
instead, the precision is supplied by the closed loop track process.
The situation is analogous to radar tracking in that extreme pre-
cision in Reference Axes is replaced by precision in the beam di-
rections implemented by closed loop tracking processes.

Some estimates of potential space vehicle tracker performance
can be made by comparison with existing or projected celestial
tracker systems., Conventional Earth-based astronomical techniques
readily yield precisions of 0.02 arc second, Ref. (8). As described
below in Sections III A, B, space vehicle celestial trackers operate
on "navigational stars" whose visual magnitudes extend from (+1) _to
nearly 5-2), corresponding to power densities from less than 10°
to 1012 yatts/cm.? As for planets, Mars has a visual magnitude
close to (-2), Jupiter (-2.4), Venus (-4), (Section III B), The
Fine Guidance celestial tracking subsystems of the O0AO for the
Goddard and Princeton Experiment Packages, as described below, will
be able to track stars with magnitude ranges from zero to the seventh
with an accuracy of 0.1 arc second.

For comparison, from Ref. (1) Tables III and IV, a one arc sec-
ond laser communication s¥stem generates an "In Vacuo" received
signal power of about 10~ 0 watt for the minimum Mars-to-Earth range
of 0,524 A U at a visible wavelength of 6328 R with a receiving
telescope diameter of 200 inches, with one watt ofliransmitter power,
For 100 inch diameter, this decreases to 2,5 x 10~ watt; for 10
inches, 2.5 x 10-13 watt, and for one inch, 2.5 x 10-15 watt, Assume
the Earth Station laser beacon transmits a pulsed signal, in the
order of one megawatt peak at a prf of 10 pulses per second. For
a 10-inch_space vehicle telescope, the free space signal becomes
2.5 x 10-7 watts, which is brighter than a minus seventh magnitude
(my = ~7) celestial object, Section III D, Hence, a very high sig-
nal-to-noise ratio in the track mode is assured, especially since
a one or two Angstrom unit filter can be used to eliminate extran~
eous background radiation, '

In the "Coarse Search” mode described above, the Earth Station
laser beamwidth could be about one arc minute, assuming a DSIF an-
gular accuracy of about 0.02 degrees. Then, the received space
vehicle power for a 10 inch telescope and a one megawatt transmitter
power would be about 3600 times smaller, or about 0,7 x 10-10 yarte,
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This corresponds to the brightness of about a plus one magnitude
star (my = +1) in the limited spectral region of the laser which

provides an adequate signal-to-noise ratio for acquisition. A
typical celestial tracker using a high performance photomultiplier
system with night sky background can be expected to track a plus
four magnitude star (my = +4) with about a 20 db signal-to-noise
ratio, and the Fine Guidance Tracker for the Princeton O0AO Ex-

periment will track a seventh magnitude star (my = +7) with about
a 17 db (50/1) voltage S/N-ratio and will acquire same with better

than a 10 db voltage S/N-ratio, as described in Section III D below.

If the input were the Earth Station one megawatt pulse noted
above, then for acquisition, the ideal S/N-ratio for a ten-inch
aperture would be better than 27 db with very moderate filtering.
For the track mode, the S/N-ratio for a minus seventh magnitude
star would be 60 times or 17.8 db larger for an overall S/N-ratio
of better than 44 db, Since the angular accuracy of the star tracker
is inversely proportional to the S/N-ratio, very high ratios are
nceded for the greatest accuracy, The values quoted above cover
ideal conditions. Actually, allowing for atmospheric attenuation,
cptical efficiency, etc., S/N-ratio might be 10 db less, that is,
17 db for acquisition and 34 db for track.

Further details on celestial trackers and tracking accuracy
analysis are given later (Section III D), From a system point of
view, "In Vacuo" tracking accuracy of 0,001 arc second is certainly
feasible for a sufficiently high signal-to-noise ratio, especially
if the space vehicle telescope aperture is of the order of 30-40
inches, Then, as noted above, this track from space vehicle to Larth
together with a one or two arc second celestial reference establishes
the space vehicle Reference Axes,
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D. ACCURACY REQUIREMENTS FOR REFERENCE AXES*

The mathematical analysis of lead angle computation for
aberration and transit time corrections is given in Appendices
A-D, and numerical values corresponding to a Mars Fly-By trajectory
are given in Section IVA, Typical values range from about 10 arc
seconds at the beginning of the mission to about 40 arc seconds at
fly-by. The trajectory for the November 28, 1964 Mariner/Mars
mission is shown in Figure 4,

The space vehicle is stabilized by means of the Sun Sensor
and the Canopus Tracker. Assume that the initial Search-Acquisi-
tion process as previously described has been carried out using
the DSIF, the Earth Station beacon, and the space vehicle beam
pointing system, It is further necessary to use a precision
celestial sensor to provide half of the Reference Axes, tracking
on Canopus, for example, whose precision is of the order of 1-2
arc seconds, with the other half provided by the space vehicle
track to Earth,

A preliminary analysis of the precision needed for the
Reference Axes' celestial sensor may be derived as follows,
see Figure 5, The space vehicle track to Earth Station coincides
with the Y-axis, and the X-Z plane is the plane at right angles
to the tracker LOS to Earth (established by the closed loop).
The space vehicle transmitter beam is directed along vector OP
at an azimuth angleQ and an elevation angle/9 (in spherical
polar coordinates), These angles represent the components of
the space vehicle to Earth transmission lead angle, and for
r = 108 miles,X = 20 arc second, B = 0.2 arc second, approxi-
mately, The Y-axis is also the Reference Axis generated by the
closed loop tracking.

The precision celestial sensor is used to determine the
X-Y plane (i.e, the Z-axis)., This might be the projection of
the LOS to Canopus on the X-Z plane perpendicular to the LOS
to Earth (Y-axis). It is assumed for this analysis that the
LOS to Earth is errorless., A more detailed analysis, now in
preparation, will include errors in the closed loop tracking,
dynamic errors, etc.

The analysis of Figure 5 shows that a two arc second error
in the other Reference Axis (i.e. the Z-axis) is equivalent to
a coordinate rotation about the Y-axis., At a range of 100
million miles, the azimuth error is 0.1 mile and the elevation
error is 0.001 mile , Eqs. (6), (7). These are small because
the lead angles themselves are small, yielding small displacements
of the radius vector OP at the Earth, Eqs. (1), (3). The equiva-
lent angular error at the space vehicle is 0,0002 arc second,
Eq. (8). These calculations, of course, hold for "In Vacuo"

* Based on notes by A, Wallace, G, Strauss, S, Winsberg, G. Schuster
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and exclude "In Vivo'" anomalies.

For a 0.01 arc second system, a 1-2 second accuracy celestial
sensor is adequate when used in conjunction with a closed loop space
vehicle-Earth tracking system of 0,001-0.003 arc second accuracy.
For a 0.1 arc second system, an order of magnitude greater can be
allowed, and so on, It is clear that the geometry of the closed
loop tracking to Earth dilutes the requirement for extreme pre-
cision in celestial sensors which might otherwise be required
for an open-cycle system, cf, 1(IIE). This analysis will even-
tually be modified to include the effects of "In Vivo" atmos-
pheric propagation in the loop, but is is not expected that the

results for the space vehicle configuration will be significantly
affected.

Space
( wl»:u‘c\

. Y ( Earth Station)
‘\\d ‘. y ,’/
,\\ |//Ix

X Coordinates
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Figure 5. Reference Axes' Coordinate System Analysis
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I11. REFERENCE AXES

In the preceding section, various systems aspects of the hy-
brid laser beam pointing system have been discussed, including the
Reference Axes, In particular, a simple configuration for these
Axes was described for the space vehicle based on the closed loop
tracking and a separate precision celestial sensor, However, as
previously remarked, the considerations as presented are, strictly
speaking, completely valid only for "In Vacuo'" analysis, and may
require modification for "In Vivo" considerations,

Accordingly, the material presented in this section covers
some of the broader aspects of Reference Axes, including the char-
acteristics of celestial data, performance characteristics of con-
ventional celestial sensors, preliminary analyses concerned with
atmospheric electromagnetic propagation such as beam refraction and
beam spreading, and finally, various possible configurations for
the implementation of Reference Axes in the space vehicle,

A, CELESTIAL DATA *

In the "In Vacuo'" Case, bilateral symmetry exists between
the space vehicle and the Earth station, For practical reasons,
however, it is more realistic to concern oneself with the problems
of optical measurements in the space platform, utilizing the Earth
platform as the basic source of astronomical data.

If the beam pointing system were a pure open-cycle system with-
out DSIF data, a basic set of measurements would be required to
determine the distance and the relative velocity of the space ve-
hicle with respect to the fixed stars and/or the Solar System , that
is, to several objects whose positions and velocities are known in
a given coordinate system, cf, Ref, (1), Fig. 3 and section II E,

The vehicle's velocity can be determined from two position measure-
ments separated by a known time interval., For the two-body problenm,
a minimum of six measurements at a known instant of time is required
to determine the six components of the vehicle's position and veloc-
ity vectors or the six conventional orbital elements, Ref., (9), sect,.
1.2, Chap.6. A general discussion of the instruments that can be used
for space navigation is given in Refs, (10), (11), Part III, A
schematic presentation of the totality of possible techniques (in
principle) including "In Vivo" problems associated with the Earth's
atmosphere is shown in Figure 6, cf, Refs, (10), (12).

The next section, III B, will discuss specific implementations
of the proven methods of obtaining celestial data accurately. Some
of the other possible methods shown in Figure 6 (as well as some not
mentioned) will be investigated later in the program, In principle,
however, all of the factors and variables listed in Ref, (1), sects.
IT ¢, II D, Fig. 3, are also potential sources of observables.

* Based on notes prepared by A, Wallace,
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1. Stellar Data

By definition, Ref. (12), p. 154, the stars are
classified as "far objects" since none of the stellar character-
istics (direction, radiative flux, etc.) will change by '"measurable"
amounts due to movements of an interplanetary vehicle. Solar Sys-
tem objects (Sun, planets, satellites) asteroids) are defined as
"near objects" as compared with the "fixed" stars, From a systems
point of view, the fixed stars serve to define the geometrical
space or absolute coordinate system (with suitable corrections for

proper motion, etc.,) in which all angular position measurements
are made,

Figure 7 summarizes the pertinent characteristics of stellar
data as prescribed within the framework of Earth-bound astronomical
research., Detailed discussions of these characteristics will be
found in Refs. (12), (13), especially on the most important one of
the catalogs of positional accuracy of the most prominent stars,
Some of the accuracy figures have previously been presented in
Ref. (1), Fig. 3 and Table VI.

In accordance with the previous discussions of the Reference
Axes for the hybrid system as compared with the pure open loop sys-
tem, it may be asserted that the presently available stellar data
is adequate for laser beam pointing purposes.

Figure 8 summarizes some of the pertinent characteristics of
planetary data as prescribed within the framework of Earth-bound
astronomical research. Naqvi and Levy, Ref. (12), on which Figure 8
is based, emphasize that the minor planets or asteroids represent
a source of potentially great navigational value, because of their
small angular diameters (the order of 1 arc second or less at 1 A U)
and smallness of errors due to phase.

2. Coordinate Systems

To first order, a typical space vehicle closely ap-
proximates a two-body orbit, with deviations separately accounted
for by the techniques of perturbation theory, Ref. (9), chaps. 6-9.
By the laws of classical mechanics, the position of a body has
thiee degrees of freedom whichare described by three second-order
differential equations involving six arbitrary constants of integra-
tion, Ref. (14). For a particular orbit, these constants or elements
are shown in the "equatorial" system in Figure 9, namely: the semi-~
major axis, a; the eccentricity, e; the time of perif ocal passage,
T; the angle of inclination, i; the longitude of the ascending node,
L£l; and the argument of parifocus, w, Ref. (9), Sect. 1,2, The
orientation angles, i, fL , and w are Eulerian angles, Ref., (14),

chap, 1., For analytical purposes, however, rectangular coordinates
are preferred,
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Orbital analysis for a Mars mission is described in Appendix

A, and its application to lead angle determination is presented in
Appendices B-D.

The four principal coordinate systems used for analysis are
summarized in Table I below and are illustrated in Figure 10. The
coordinate systems formulated in terms of the orbit are described
in Appendix A, which is concerned with the space vehicle trajectory.
The coordinate system used for the Reference Axis accuracy analysis
in section II D, Figure 5, was based on spherical-polar coordinates
like the other systems shown, and is essentially a topocentric sys=-
tem, In Appendices A-D, the following coordinate systems were used:
heliocentric ecliptic, geocentric equatorial, topocentric vehicle
coordinates, and topocentric Earth Station coordinates,

"TABLE 1

Reference Coordinate Systems *

Coordinate

Origin Fundamental Principal
System Plane Direction

Geographic Geocenter Equator Greenwich Meridian
Topocentric Topos Horizon North
Equatorial Geocenter

Topocenter

Heliocenter Equatorial Vernal Equinox

etc. '
Ecliptic Geocenter Ecliptic Vernal Equinox

Heliocenter

* Reproduced from Ref. (9), Table III,

Future trade-off and error analyses will be conducted within
the framework of these coordinate systems, shown in Figure 9, 10,
and Table I, cf, Appendices A-D,

B. CELESTIAL SENSORS *

The previous section presented the basic backgound in-
formation on celestial data which can be utilized by the hybrid
beam pointing system "Reference Axes" subsystems. The direction-
finding techniques currently in use by the various types of celestial

®* Based on notes prepared by A, Wallace
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sensors now available can also be used by the tracking systems in-
volved in the beam pointing operation. Due to the eccentricities
associated with the "In Vivo" operation, it is desirable to con-
sider the whole spectrum of celestial sensors, not only discrete
star trackers, since the Earth station may very well turn out to
be a "distributed" system as described in Ref, (1), section II F,
Further, in a particular mission such as Mars fly-by, it may also
be desirable to incorporate during the terminal phase some of the
terminal measurement methods listed in Fig. (6).

) O Celestial Sensor Characteristics

Figure 11 illustrates in a general way the func-
tional aspects of an automatic célestial tracker for purposes of
position and attitude (including azimuth) determination, Ref. (15).
The same functional areas also apply to the beam pointing tracking
systems shown in the block diagrams of section II A, The multi-
plicity of available techniques permits the implementation of a
whole family of types of trackers to perform the same or dif-
ferent functions, A family tree of celestial sensors would show
subdivisions in terms of target, that is, single and multiple point
sources such as stars and small asteroids, contour target sources
such as planetary horizons or surface outlines, disk target sources
such as the Sun, Moon, and planets, etc, The celestial data util-
ized by these various types of systems has been previously summariz-
ed in Figs. 6,7,8.

By definition, a star of zero visual magnitugde (my =0_ yields
a luminoug flux density I, = 2. 1x10-10 1umens/cm.%or 3,1xT0"

watts/cm.2 at a point outside of the earth's atmos?here, Ref, (16).
Arbitrary visual magnitude (my) and flux density (I) are defined by

I ~Mmy
—_— = 2,51
I (1)

Figure 12 graphically displays Eq. (1) along with brightness data
for selected celestial "near" and '"far'" objects, Ref, (17).

For a circular telescope aperture diameter of Dp, the power
collected is

-12
and A= X D% - 0,785 D2, I_ = 1.99 x 10 12 yatts
. R » .
4 R ° in?
(3)
p, = 1.57x1071%p2 o
, R . watts (D in incpeg)
. 2,51 Mv 4)
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Figure 13 graphically displays Eq. (4) for various magnitude values.

A comparison of space vehicle tracker signal powers as a func-
tion of equivalent stellar magnitude was previously presented in
Section II C, For noncoherent space vehicle tracker receivers, it
is evident that the pulsed laser Earth Station beacon offers sub-
stantial advantages in the reduction of extraneous interference due
to background radiation sources,

A typical closed loop configuration for a star tracker operat-
ing in atmosphere (In Vivo) is shown in Figure 14 together with
some of the factors determinirg system performarce, The space
vehicle celestial sensor operates essentially in,the equivalent of a
"night sky" and the interplanetary environment which may introduce
to a minor extent some of the degradation normally associated with
the atmosphere., Figure 15, taken from Ref. (17) shows the ideal
signal-to-noise ratio as a function of aperture diameter for a
high performance photomultiplier systenm (? = 1.0, optical efficiency;
q = 0.1, quantum efficiency; 77 = 0.1 second, observation time) op-
erating with a night sky background and a small field of view,

Comparison with space vehicle tracker performance was previously
made in section II C.

2. Accuracy Analysis

A full detailed treatment of tracking accuracy as a
function of S/N-ratio and other system parameters will be given in
later reports, At the present time, some idea of celestial sensor
performance can be gained from a study of the various configurations
in use for the Fine Guidance subsystems of the OAO, particularly
the Goddard Experiment Package, Ref, (1), sect. V A 5, Ref., (20),
and the Princeton Experiment Package, Ref, (18), Both Experiment
Packages will have the capability of tracking faint stars to an
accuracy of 0,1 arc second, Since the Goddard Package has been
partially previously described, Ref. (1), the following analysis
pertains to the Princeton Package only,

The optics portion contains a Cassegrain telescope with an
80 cm diameter primary mirror and a high resolution spectrometer,
The finer guidance sensor utilizes the star signal falling on the
faces of the slit jaws of the spectrometer, The sensor measures
the angular error across the slit width by comparing the relative
intensities of light energy falling on each side of the slit jaws,
The detection system includes an optical chopper and electronic
logic circuits in addition to the photo-multipliers, Automatic
Gain Control is provided to normalize the error signals since the
range in star magnitude is from zero to seventh, Angular tracking
is provided in two orthogonal axes, parallel to the slit width
{z -axis) and parallel to the slit length ( y-axis). The transfer
characteristics of the z - and y- control axes are shown in
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Figures 16 and 17 respectively, cf. Ref, (18). The error angle
voltage Sv/Nv-ratio versus the photon arrival rate is plotted in
Figure 18 for acquisition and null, '

The guidance accuracy of the system described by Figs., 16-18
is determined as follows, The power from a star of the seventh
magnitude is 1.04 x 10-11 erg/sec./cm?/R (cf. Eq. (1) above). The
ef ecEive light-gathering area of the telescope system is 2.45X
100cm , and the efficiency of the sensor system is 7.1 x 10-3,

Pp = 1.04 x 10°11 erg/sec./cn®/R at 4370 R

Dp = 2.45 x 105 em.? M= 7.1 x 10-3 (3)
The power at the detector, PD‘ is

Py ='7 PoDg= 1:8 X 10-10 erg/sec./R (6)

Since the sensitive range of the detector is from 2900 to
5400 &, the detector bandwidth Bp = 2500 &, The energy of a photon
at 4000 R is

E= hc =5 x 10°22 erg/ Photon (7)
A
where
h = Planck's constant, 6,623 x 10-27 erg-sec,
¢ = velocity of light, 3 x 10% m/sec.
A = wavelength, 4 x 10~7 m,

The number of signal photons per second received at the
detector is

= 0.9 x 10° photon/sec. (8)

From Figure 18, the null voltage signal-to-noise ratio for
this arrival rate is about 50. If this is normalized so that Sy=1.0
is the saturation value shown in the transfer characteristic of
Figure 15, the noise angle corresponding to this error voltage is
0.012 arc second, cf., Ref. (18), p. 95. This rms error sensor noise
voltage is associated principally with the photo-multiplier system,
namely: random emission of photo electrons resulting from random
arrival of photons on the photocathode thermal emission of electrons
. from the photo cathode, and resistive Johnson noise in the output
load circuit of the photomultiplier, For the previous analysis,
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Figure 16, Transfer Characteristic
of the Z-Control Axis

(Reproduced from Ref, (18,)Fig.(5))

Figure 17, Transfer Characteristic
of the Y-Control Axis

(Reproduced from Ref, (18),Fig, (6))
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the temperature is assumed to be -25°C, and the load circuit time
constant is 3 msec. corresponding to 10 rps of chopper mirror.

For comparison with the beacon operation described in s§ctions
IT A-C above, note that the beacon track signal of 2,5 x 107° watt
"In Vivo" (2.5 x 10=7 1In Vacuo) 1is many orders of magnitude above
the seventh magnitude star analyzed above, Hence, the S/N ratio
could be several orders of magnitude larger, and most probably,
error noise signals corresponding to 0.001 arc second could be
achieved., Then, the opto-mechanical system error stability and
sensitivity would represent the limiting factors, cf. Figure 14,
"In Vivo" star tracking.
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C. ATMCSPHERIC BEAM SPREADING ANALYSIS*

In the first Bi-Monthly Report, Ref, (1), Section III,
a considerable amount of material was presented covering "In Vivo"
conditions of laser beam propagation through the earth's atmosphere,
In particular, angle-of-arrival fluctuations, I(IIIC), atmospheric
turbulent limitations on gain and directivity, I(IIID), intensity
fluctuations, I(IIIE), and atmospheric turbulence limitations on
optical heterodyne reception, I(IIIF) were analyzed. From the
beam pointing system point of view, the angle-of-arrival fluctua-
ations and the optical heterodyne limitations are the most serious

objections to a "lumped" type of Earth Station receiving system,
cf. I(IIF),

For example, from I(Table X, Figure 16), a 13,1lcm diameter
receiving aperture would exhibit a 1,75 arc second rms angular
jitter and about 5 db of signal power loss for zero degree zenith
angle reception, whereas a 1.31 meter dish has a 0.76 arc second
jitter and about 23 db of signal power loss, The jitter for a
13.1 meter dish is 0.51 arc second and the loss would be 20 db
greater, or about 43 db, The trade-offs for a "lumped'" system

are extremely limited compared to the possibilities for the
"distributed" systen.

In addition to these deviations from "In Vacuo" conditions,
there is also the question of actual beam divergence or beam
spreading due to atmospheric turbulence, briefly mentioned in
I(IITIA)., This section and the next describe the preliminary
analytical efforts concerned with the space vehicle-to-Earth
transmission, Propagation in the opposite direction is being

separately analyzed and will be discussed in later technical
reports, cf, I(Table VII).

1. Theorz**

It is well known that, in the frequency domain,
the relation between input and output is expressed by the relation

1(W,s) = T (W, S) 0 (W, S) (1)

where 1(W,S) and O(W,S) are respectively the two-dimensional
Fourier transform of the image (output) and object (input)
intensity distribution, T (W,S) is the two-dimensional transfer
function of the medium, equal to the Fourier transform of the
spread function which represents the intensity distribution of
a point source after it has been affected by the medium,

**Based on notes prepared by S. Monaco

* Based on notes prepared by R. Arguello, S. Monaco, and
A. Wallace,

39



kollsman instrument corporation

The inverse Fourier transform of equation (1), will give us
the two-dimensional intensity distribution of the image, that is

T(x.y) f YMS)O(w's)eKP[L(w“%}dwds (2)

From I(x.y) the beam spreading in the x and y directions can be
found,

By a rotation of coordinates the amount of the spreading in
any direction could be determined.

From equation (2) it appears that to find I(x,y), the
transfer function of the medium and the Fourier Transform of
the function representing the intensity distribution of the
object O(x,y) are needed.

Assuming the use of uni-mede c-w lasers, the intensity
distribution, right out of the cavity, can be considered to be
Gaussian,

The problem is not so easy if more than one mode of
oscillation is present. In fact, in that case, the intensity
distribution is not Gaussian, see Figure 19, and therefore
is difficult to represent mathematically.

In this analysis, a uni-mode c-w laser will be considered
as previously stated,

4

Figure 19, Intensity Distribution of a Multi-Mode c-w Laser,

Therefore the real problem is to find the transfer function
of the medium, the atmosphere,
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2, Atmosphere

The atmosphere is a turbulent absorbing medium,
Ref. (21). Rigorously, a turbulent-random phenomenon must be
handled statistically. It is reasonable to assume that outside
our atmosphere there exists no significant turbulence, Figure 20,
the width of the turbulent region can be assumed to be not larger.
than 40 Km. It has been proved that the strength of the turbulence
decreases as the elevation increases with a law expressed by the
relation, Ref, (21): '

A= 12 10 exd (= P/ese) (3)

where h is the altitude in meters., For 40 Km the strength of
the turbulence is: A=1.67 x 10-23,

A- Stveng?h of Turbulence
S

h - Altitude (\meée's)

10 ] | 1 I,
] 4x103 ax job awio?

Figure 20. Strength of Tutbulence based on Experimental Data
(reported by Grain, Silverman, Tatarsky, Deam and
Fannin, Ref. (21).)

Considering that the time for the light to cross a path of
40 Km is many order of magnitude less than the time needed for
the turbulence characteristics to change, the atmospheric condi-
tions frozen at a given instant can be visualized.

On the instantaneous basis, the atmosphere can be considered
as made up of homogeneous- inhomogeneous, absorbing, non-fluctuating
media,
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In other words, it can be considered made up of a large
number of homogeneous layers inside of which the index of refrac-
tion is constant, and a large number of inhomogeneities., The
inhomogeneities, also called "turbulons"”, have been defined as
"moving masses of air of varying physical and optical density"
Ref. (22)., 1In other words a turbulon is a volume of gas or
fluid having an index of refraction differing significantly
from that of the surrounding gas or fluid,

In Figures 21 and 22 two hypothetical turbulons are shown,

resulting from rising warm air (Figure 21) and descending cool
air (Figure 22), Ref. (22),

It is also apparent that in the "static'" approach to the
problem, construction of a model which realistically represents
the atmosphere becomes a difficult task.

3. Models of the Atmosphere

The beam spreading will depend on the model of
the atmosphere used, In order to understand the relation between

beam spreading and atmosphere, four models are going to be con-
sidered: :

a) Homogeneous -~ the atmosphere is assumed to
be a homogeneous medium with one index of
refraction represented by some middle value.
It has been found that the index of refraction
of the air decreases as the elevation increases,
see Figure 23, The difference between the
maximum and minimum values registered decreases
with the elevation., To represent the homo-
geneous medium, we are going to consider a
value along the middle line,

3
w

h- Ele vation (§¢.)

 aa

? N &wits

300 400

Figure 23, N units vs Elevation for Homogeneous Model

b) Homogeneous Layers - the atmosphere is assumed
to be made of a large number of layers inside
of which the index is constant, The width of
the layers will be considered to be 100 feet
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for elevation 0-1000 feet, and larger for
higher elevation. '

c) Homogeneous Layers with One or More Inhomogeneities.
The atmosphere 1s made up of homogeneous layers
plus one or more inhomogeneities of the type
indicated in Figure 21 and 22, The shape and
the size of the inhomogeneity will play an
important role in the beam spreading.

d) Turbulent Model. The index of refraction fluc-
tuation will be considered in the analysis,

In the next period, the amount of the beam spreading for the
four models will be computed,
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D. STATIC HOMOGENEOUS BEAM PROPAGATION

In the previous section, it was stated that the spreading
of a source of finite dimension can be found by plotting the
intensity at the image plane., It was also stated that the intensity
at the image plane is found from the inverse Fourier transform
of the product of the transfer function of the mechanism and
the Fourier transform of the intensity distribution of the input
(source)., This approach will be used only when considering the
mediunm as turbulent. For simpler models of the atmosphere,
namely, those considered in this section,the geometrical approach
will be used.

As a first approximation, it will be assumed that the
only decaying medium existing between deep space and earth is
the Earth's atmosphere.

The Earth's atmosphere forms a layer around the Earth
of a thickness which can be assumed, for any practical purpose,
to be approximately 10 miles,

Based on experimental data reported by Crain and others,
it appears, in fact, that the strength of the turbulence at 10
miles (16000 meters) is of the order of 10'16, ref. (21).

Given the previous assumptions, two models of the atmos-
phere are considered below.

1. One Homogeneous Layer Model

The atmosphere is represented by one homogeneous,
static medium of thickness 10 miles and an index of refraction,
expressed in N units*, equal to 200. This value represents
the middle value between unity (which indicates absence of atmos-
phere) and 400 N units (which represents the maximum value,
registered at the ground).

In the complete absence of atmosphere, a beam coming
from Mars, 1.4 x 108 miles away, will cover, on the Earth, an
area which is a function of the beam divergency.

In Figure 24 three different beam angles are listed,
Angle }( is in arc seconds, and the corresponding linear dimension
covered at the Earth's surface, KB, is in miles, and its angular
value, Q¢ is in degrees, assuming 1° equal to 60 miles,

* The relation between index of refraction, n , and N units,
is expressed by the relation N = (n-1) 106,
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If the atmosphere, as a homogeneous layer, is present
at the becundary, space-atmosphere, the beam will be deviated
according to the law of refraction,

The beam, going to a denser medium, becomes slightly
convergent, Figure2S.

Froem the law of refraction, we cbtain the refracted

(1)
As a first approximation, we can assume

PER7 T

(2)

Subtracting ?, from?,, we obtain the convergency angle, AE .

In Table 111, we have listed AL in arc_seconds and the
~~resy~nding linear values at the Earth surface AD in feet for
‘roe i fferent beam angles,

TABLE II
Homogeneous Model Beam Convergence

ﬁg(arc Sec) ADE  (arc Sec) AD (ft)
1  4.0450 1.0249
0.1 0.,4036 1.02 x 10-1
0.01 0.0397 9.53 x 10°3

From the results it appears that in the space-to-earth pro-
magation the Earth's atmosphere, considered homogeneous, slightly
reduces the spreading of the beam. In the case considered, for

2xample, the linear spreading of a one arc second beam is reduced
only 2.05 Ft in 672 miles.
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2. Three Homogeneous Layers Model

The atmosphere is made up of three homogeneous
layers, each one having a constant index, see Figure 26,

The three layers are characterized by the following
indices of refraction, in N units; N; = 50, N, = 200, N3 = 350,
and the corresponding thicknesses in miles d; = 6.0, dp = 3.0,
dz = 1.0. As in the previous model, #:¥A +&/> is assumed. A
further assumption made, in this case, is that the tangents at
the points of incidence E, Ej, E;, are parallel, which implies
that the angle of refraction of the previous layer is equal
to the angle of incidence of the next layer.

Applying the law of refraction to each layer, the
convergency produced by each layer has been found as well as
the resultant linear spreading.

The results are listed in Table III,

TABLE III

Three Homogeneous Layer Beam Convergence

X(arc sec) AE (arc sec) AE. (arc sec) AE, (arc sec) AD(Ft)

1 1.0114 3.0342 3.0331 0.4619
0.1 0.1015 0.3023 0.3022 0.046
0.01 0.0096 0.0303 0.0304 0.005

From Table III, it appears that in the case in
which the atmosphere is made up of three homogeneous static layers,
the convergency produced for a one arc second beam, is one foot
in the 672 miles of arc length. The reduction in spreading in
the case of three homogeneous layers is approximately one-half
of that obtained in the case of one homogeneous layer, but in
both cases, these are negligible,

49



kollsman instrument corporation

o
Nl
2

? Mavy

|
s
e

-~

™

h

A
Iy
H
AN
kY
‘.
;

Figure 26. Three Homogeneous Layer Refraction



‘ s

kollsman instrument corporation

It can be concluded that the spreading of a mono-
chromatic light beam propagating from space-to-Earth will not
be affected by a static, homogeneous atmosphere.

E. REFERENCE AXES SYSTEMS

The results of the previous sections show that the
principal atmospheric effects will derive from turbulent condi-
tions, ¢f, 1 (III A-F). Accordingly, the Reference Axes system
performance will be affected by the statistics of beam spreading,
angle of arrival fluctuations, and scintillation, since the
closed loop tracking from space-to-Earth and vice versa defines
part of these axes, ¢f, Section Il above. The investigation
of suitable system configurations both for the space vehicle
and the Earth Station is now under way to include these atmos-
pheric effects, subject to the other system constraints of
angular accuracy and extraneous background radiation.

‘ Other possible Reference Axes systems can be based on
other geometrical and analytical techniques, such as the use
of a nuclear gyro instead of a Canopus tracker @r precision Sun
Sensor). In addition, rate gyros can also be considered either
in a gimballed (geometrical) or strapped-down (analytical) con-
figuration, Other possible systems can be based on the matching
in a computer of velocity measurements derived either from the
DSIF network or laser beam pointing Earth Station transmission,

Inasmuch as it has been shown that the accuracy require-
ments on the celestial sensor Reference Axis or its equivalent
are not too severe, ¢f, Section IID above, these other possibilities
offer promise for simplifying the space vehicle equipment con-
figurations, On the other hand, if future space probes carry
vehicle attitude stabilization systems such as Sun Sensors and
Canopus trackers of sufficient accuracy, then the Reference Axis
subsystem of the laser beam pointing control can be implemented
with these on-board systems.
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IV, BEAM MEASURING AND POSITIONING*

The block diagrams of Section II A, Figures 1 and 2, show the
closed loops prevailing in the laser beam pointing system. The
choice of a hybrid configuration has been fully justified by the
arguments given in 1 (II E, F), and these are further confirmed by
the demonstration of the lower order of accuracy required in the
reference Axis subsystenmn.

Of considerable importance for a reliable system design is the
existence of feedback loops surrounding a critical path or com-
ponent. In the previous discussions of beam measuring and
positioning, 1 (IV, p. 71), the desirability of enclosing the lead
prediction fine beam deflection subsystem within a feedback loop
was pointed out in order to relieve the requirements for high
accuracy, extreme linearity, and the utmost stability., This was
followed by discussions of various principles of optical beam

deviation, 1 (IV A), and examples of beam steering techniques, 1
(IV B),.

The hybrid system block diagrams of Figures 1 and 2 demonstrate
that the complete tracking loop encloses the lead prediction sub-
systems both in the space vehicle and the Earth Station. If the
space vehicle's trajectory is such that the angular rates of
change of the respective lines of sight are sufficiently low, then
deficiencies in the lead angle beam pointing can be corrected by
the feedback properties of the closed loop tracking system.

A mathematical analysis of the trajectories for the Mars
Fly-By mission has been carried out (Apnendix A), and the mathe-
matical details of the lead prediction problem have been determined
(Appendices B-D). Numerical calculations corresponding to these
equations are presented in Section IV_A below which show that
angular rates are of the order of 1072 arc second/second or less,

A prcliminary analysis of the feedback properties of the closed
loop tracking system, Section IV B, shows that these angular rates
are well below the limitations on the system velocity constant
imposed by the transport lags in the loop. Hence, the door is open
to implementation of a lead prediction feedback circuit.

‘The performance of the closed loop system path from Earth-to-
space can be further improved by taking advantage of the pulsed
character of the Earth Station laser beacon, cf, Section II B,

IT C above, Since the tracking loop will assume the form of a
sampled-data servomechanism, time gating can be used to reduce
system internal and external noise during the intervnulse intervals.
These techniques are described in Section IV C.

Section VI D summarizes the overall characteristics of the
laser beam pointing system and briefly describes an Earth Station

* Based on notes prepared by A, Wallace, G. Strauss, S, Winsberg.
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distributed type of receiving system which is a ten by ten

array of coherent receivers. The same array is used to provide
error signals to the space vehicle for closed loop correction

of its laser beam pointing subsystem. The boresight maintenance
subsystem requirements are also eased as described in Section IVE,

A, LEAD ANGLES AND ANGULAR RATES*

The angle between the required line of sight of a space
vehicle to Earth (or Earth to vehicle) transmitter and the
observed line of sight has been calculated for various points on a
Mars fly-by mission using data for a typical transfer ellipse,

The rate of change of the lead angle has also been calculated.
These results are given in this section.

Expressions for the lead angle between the required line
of sight of the transmitter and the observed line of sight have
been developed in Appendices C and D respectively. These expres-
sions are functions of the relative velocity of the space vehicle
and the angle between the relative velocity of the vehicle and the
cbserved line of sight. The lead angle may thus be calculated
from a doppler measurement of the radial velocity, a range measure-
ment, and available trajectory data. For the present purposes, the
lead angles were calculated using a typical transfer ellipse
trajectory taken from Ref, (23). From the knowledge of the
sccentricity of the transfer ellipse, the initial and final
positions of the vehicle, and the semi-major axis of the transfer
ellipse, obtained from Ref., (23), the necessary trajectory data
was calculated from the equations developed in Appendix A,

1, Trajectory Data

The trajectory data was obtained from a transfer
2llipse calculated by Battin et., al, Ref. (23), for December 13,
1964, For these purposes, it was assumed that the orbits of Earth
and Mars are coplanar (when in fact they are inclined at 1°), and

that their eccentricities are zero (when in fact E = 0.16 and
E = 0,093). Earth
Mars

These approximations do not appreciably affect the lead angle.
(Diagrams of orbits calculated with and without these approxmations
are presented in Ref, 23. The trajectory data are shown in

Figure 27,

* Based on notes prepared by S. Winsberg,
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2. Lead Angles

From Appendix C, the lead angle, (., is given to
order |MQ4‘ by,
c

sin(Y = ?_l@e,]\ sinﬁ (1)

where /3' is the angle between the relative velocity and the
observed line of sight.

-\
\4” is the relative velocity of the Earth Station
to the space vehicle (or the space vehicle to the Earth Station)

¢ is the velocity of light.

Lead angies were calculated for the three positions
during the fly-by mission shown in Figure 27. The lead angles
required at these positions are indicated in the data as well as
the range and the relative velocity of the space vehicle. The
relative velocity of the space vehicle has been assumed constant
over periods of time on the order of the transit time. The
transit time is given byAt = [R (| , where IR\l 1is the

c
observed range., Variations in the relative velocity (in magnitude
or direction) during the transit time are small and would constitute
a higher order correction to the lead angle.

3. Lead Angle Rates

The rate of change of the lead angle is given in
Appendix D. When the relative velocity is gssumed constant over
periods of time on the order of |Reell cﬁ is given by,
c

’

> = 2 - S S \
@ - TRt | tan AT 1V~ \Vrel\dli"‘ cosB ) (2

Values of & for the three points during a Mars
fly-by mission are indicated on Figure 27, Since these angular
rates are so small, it is conceivable that the closed loop
tracking can monitor the lead prediction by feedback, as previously
described.
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B. CLOSED LOOP FEEDBACK ANALYSIS*

A simplified servo loop is postulated to describe the
operation of the closed loop controlling the space-vehicle trans-
mitter beam direction, measuring deviations from beam center at
the Earth Station receiver, and transmitting error signals back.
The time lag introduced by the back-and-forth transmission strongly
determines the dynamic performance expected from the servo.

In view of the long transmission time required for deep-
space operation ,1 (Table V), coupled with large relative velocity
of the space vehicle to the Earth Station and the narrow transmit-
ting beam, it becomes necessary to introduce transmitter lead with
respect to the laser beam received from Earth. This is discussed
in Section IV A above and App. A-D, describing the Bradley and
transit time corrections. The local receiver tracking loop aboard
the space vehicle thus tracks the Earth Station's apparent, rather
than actual position. The lead angle, measured between receiver
and transmitter axis must be computed on the basis of the component
of Earth Station-space vehicle's relative velocity normal to their
line of sight, This computation might either be carried out aboard
the space vehicle, or at the Earth Station, and communicated to
the space vehicle, using the analysis previously described in
Section IVA,

One possible mode of operation, which might permit this
calculation to be performed with modest accuracy, and which also
would reduce the effects of non-linearities in the transmitter
beam deflection system, as well as of transients, features a
feedback loop., At the Earth Station, techniques can be devised
for detecting the two components of the transmitter beam-pointing
error, and the error information transmitted back to the space
vehicle., The detailed mechanism for this error measurement will
be described in a later report, A simple Class I servo aboard
the space craft would then translate the error information to
correct the beam deflection, Figure 28 indicates the servo,
including the transportation lag from Earth Station to space
vehicle (in the forward path) and a like delay from space
vehicle to Earth Station (in the feedback path).

2, Transfer Function Including Transportation Lag

The configuration shown in Figure 28 has a trans-
fer function given by

8,(s) K e~ST/sT!
G(s) = z2 = — 53
) T+ R e-25T/sTV

where T is the one-way transportation lag (transmission delay,
R/c) from Earth Station to the space vehicle, T' is the integrator
time constant, and K is a non-dimensional constant taking account

® Based on notes prepared by G. Strauss and A, Wallace
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of other gain factors, The steady-state output error of this
servo in response to a step input is zero. For a linearly vary-

ing input, @j(t) = 8t/T", the steady-state output error is
a1t /KT",

Effects of the transportation lag may be simply assessed
by use of logarithmic gain and phase plots, Ref. (24). The
exponential in 2T associated with the loop gain of the device
has the effect of introducing phase shift which is linearly
proportional to frequency; that is, at £ = 1/2T, 360 degrees of
phase shift not related to gain reduction is added to the normal
phase shift of the system., Figure 29 presents a phase-frequency
plot for several values of range, It can be seen that the phase
shift introduced by the transportation lag places severe restric-
tions upon the permissible velocity constant K/T'., At a space
vehicle range, on the order of 0.2 AU, total loop phase shift
of 145 degrees (for a 35 degree phase margin) corresponds to
an angular frequency of only 5§ milliradians per second, corr-
esponding to a velocity constant of 1/200, Modification of the
servo by inclusion of a lead-lag network would permit increase
of low~frequency gain and some improvement of performance,

At R = 0.5 A,U., K/T' = 0,002, and for 1 A.U., K/T*' = 0,001,
For an angular rate of 10-5 arc sec./sec., the steady state error
would be less than 10-2 arc second for integrator time constants
no larger than one second, and less than 10-3 second for a 0.1
second time constant., If required, the system gain can be
adaptively adjusted as a function of range to minimize the effects
of changing transportation lag.
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C. PULSED SIGNAL GATING NOISE REDUCTION®

The use of a pulsed ruby laser as the Farth Station trans-
mitter as described in Sections II B, C above provides high peak
power at a very low duty cycle. A gating process can be used to
render the space vehicle tracking system immune to noise during the
long interpulsed periods. Assuming that the tracking loops will
take the form of sampled-data servomechanisms, the error-sampling
zero-order hold circuit performs the gating function., A method for
gencrating the required enabling pulses is discussed below,

The pulsed laser, capable of generating peak power on the
order of one mcgawatt, is required since the space vehicle receiver
is assumed to be noncoherent, The power available from gas-type
lasers (which can furnish modulated cw cmission) is too low to en-
sure reliable acquisition and tracking within the available search

time and against the Earth's bright background, Section II B, The
high power from the Q-spoiled ruby laser is available only in short
pulses, on the order of 25 to 50 nanoseconds, at repetition rates
(in the present state-of-the art) up to 50 pps. The resulting duty
cycle is about 2.5 x 100, The pulsed nature of the error signal
requires error-sampled tracking loops, whose sampling switch iso-
lates the error-processing circuits and output plant from all pre-
detection and post-detection noise, at all times except during the
sampling interval, The hold circuit following the sampling switch
will ideally retain the sampled potential until the next switch
closure (or some time function of the sampled potential, depending
upon the order of hold circuit used), Fipure 30 shows the sampled
data servomechanism interconnections,

The pulsed error signals are subject to some deterioration i1
the photo-electric detection and amplification preceding the sampl-
ing switch. For this reason, it is desirable that the sample be
taken during the middle of the pulse., The repetition rate is, of
coursce, that of the beacon, and an exact time relation between

sampling pulse and error pulse must he established to permit pulse
top sampling,

A pulse train of the proper frequency (the same as the becacon
transmitter pulsing rate) can be locally generated at the space
vehicle, This may be accomplished either by a crystal-oscillator
frequency divider (where slow phase drift resulting from frcquency
drift is corrected by the synchronization loop), or by a frec-run-
ning oscillator, synchronized by pulses transmitted over the micro-
wave communications system, In the latter case, no requirement for

fast pulse response exists, since the synchronization pulses need
not be short,

*Based on notes prepared by G, Strauss
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The synchronization loop shown in Figure 31 utilizes the sum
channel output from the photo-detector, which is sensibly independ-
ent of error amplitude. Two contiguous sampling waveforms (early
and late gates) are used to sample the sum channel pulse, and the
difference betwcen the samples constitutes the error signal of the
synchronization loop, This error signal is used, after stretching
and single or double integration, to bias a voltage pickoff, whose
signal input samples a ramp-voltace waveform synchronized by the
local pulse generator, The pickoff generates the early and latc
gate sampling pulses which will, in the closed-loop operation, split
the sum channel pulse in half, The sampling pulse required for
the Hold circuit of Figure 30 (actually, the switch closure} can
be derived from the same circuit,.

D. GIEASURING AND POSITIONING TECHNIQUES*

It has been demonstrated in the previous sections of this
report and Ref, {1} that systems analysis, based on providing closed
loops wherever possible, can reduce considerably the recquirements
for extrceme precision or accuracy in critical subsystems and compon-
ents, In the other hand, similar considecrations argue for the use
of more sophisticated techniques to override the random effects of
some systew variables such as the atmosphere, cf. 1l (III),

Accordingly, for practical reasons based on the state-of-the-
art in cw lasers, it is dcemed advisable to introduce high power
bulsed lascr transmitters as the source for the Earth Station beacon,
implying the use of noncoherent receiver-trackers for the space
vehicle, This design bypasses the low power limitations of cw
laser transmitters and the difficulties associated with the provis-
ion of coherent recceivers in the space vehicle, Simultaneously,
more sophisticated time gating techniques as described above can
be used to eliminate interference from.external radiation sources
such as the sunlit Earth and other cclestial objects.

For the space vehicle, a cwv laser transmitter is required to
implement high data rate transmissions, cf. 1 (II A, B). On the
Earth, it is mandatory to use narrow bandwidth coherent receivers
(5-10 mcs.) to eliminate extrancous radiation interference. Since
the Carth Station is not constrained by size and weight considcra-
tions like the space vehicle, the difficulties associated with lo-
cal oscillator stability, etc. can be overcome, However, as pre-
viously remarked, the "In Vivo" atmospheric propagation requirement
imposes additional limitations so that "lumped" system designs do
not appear to be suitable,

* Based on notes prepared by A, Wallace
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Accordingly, a "distributed" receiving system configuration
is now being investigated, which will take advantage of both spat-
ial and temporal averaging to achieve the accuracy required for beam
widths ranging from 0,01-1,0 arc second. The first design being
considered consists of a ten by ten square array of five inch aper-
ture coherent receivers, using ten local oscillators in serial
feed per column., This array obviates the coherence degradation
due to atmospheric turbulence described in 1 (III F)since each aper-
ture is limited to 12,7 cm, Since the outputs will be noncoher-
ently summed, the effective aperture of the array is equivalent
to a fifty inch coherent parabolic telescope, The gain in accur-
acy due to spatial averaging would be ten-fold, corresponding to
a reduction in rms value of angle of arrival fluctuation from 1,75
arc seconds to 0,175 arc second., Time averaging of 1000 pulses in
a 0.1 second interval could yield a further ten-fold reduction to
0.0175 arc second,

Correlation techniques using the aircraft atmospheric moni-
tor mentioned in Section IIA above should result in a further de-

crease of angle of arrival fluctuation values if such is found to
be required,

In addition to the spatial and temporal averaging, the array
can be partitioned to provide a three sensor interferometer both
vertically and horizontally (that is, two orthogonal axes in the
plane perpendicular to the line of sight to the space vehicle) to
provide error signals to the space vehicle for its closed loop
correction of the transmitter beam pointing directionsy cf. Section
IV C above, In the Earth Station, extremely accurate fine beam
deflection and angle readout systems can be provided, but it is ob-
viously desirable to reduce the need for such accuracy in the space
vehicle. Hence, the question of providing closed loop correction
of Earth Station beacon transmission is a matter for trade-off an-
alysis to be conducted later in the program,

The foregoing question is also associated with the beam form-
ing system to be used in the space vehicle. Although diffraction-
limited optics of about fifty inches can be considered in the space
vehicle for a 0.1 arc second heamwidth, the transition to a 0,01
arc second beamwidth requires a ten-fold increase in diameter, It
appears that this requirement will call for the use of adaptive ar-
ray techniques, locked to the Earth Station's beacon signal, c¢f, 1
(IIE, F), These techniques are now under study.

With regard to the transmission from Earth to space, turbu-
lence effects on direction of transmission can be severe for very
narrow beam systems. A wider beam (3-10 seconds) will illuminate
the space vehicle even in the presence of small fluctuations (1-2
seconds). llowever, a more narrow heam (one second) yields a tighte.
tracking loop, but at the expense of greater need for accurate
prediction of direction of transmission "In Vivo",

63



kollsman instrument corporation

Since a number of possibilities exist for implementation of
the space vehicle and Earth Station systems (detectors, beam de-
flectors, gimballing configurations, etc.), various system arrange-
ments arc also now under investigation,

E. BORESIGHT MAINTENANCE*

Various boresight maintenance configurations have been
previously described 1 (V A, B), It was previously noted in 1 (V B)
that enclosing the fine beam steering control in the closed loop
would dilute the requirements on extreme accuracy for this mode of
operation, It is now seen that the closed loop configuration de-
scribed in this report does include the boresight conditions with-
in its monitoring functions.

For this reason, work on the boresight maintenance problem
has paused at the stage set by the block diagram in Figure 2, which
delineates its position in both the space vehicle and the Earth
Station systems. In fact, if the space vehicle does not provide
closed loop error correction for the Earth station, boresight main-
tenance becomes more critical for the latter, On the other hand,
since constraints on size, weight, and complexity are not severe
for Earth, provision is more easily made on Earth as described in
1 (V B). Further, the pulsed beacon mode allows for the use of
look-through techniques on the Earth transmitter to verify the
boresight,

On the space vehicle, the primary boresight reference is that
of the receiver-tracker aperture locked on to the LOS to Earth,
Slow boresight variations of the cw laser transmitter can be ac-
commodated by a look-through technique resetting the fine beam sys-
tem to null in order to inject the cw laser signal into the main
tracking loop for setting up corrective biases in the fine heam de-
flection., The look-through period can be as short as 100 nano-
seconds, keyed to the pulse gating circuitry previously described,
Section IV C, Work on boresight maintenance following this approach
will be resumed later in the program,
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V. CONCLUSIONS

1.

Generalized block diagrams have been prepared for
the hybrid laser beam pointing system covering both
the space vehicle and Earth Station systems.

A detailed acquisition and track procedure has been
evolved, using DSIF inputs for preliminary coarse
data, which is based on a pulsed laser source as the
Earth Station beacon,

Signal-to-noise calculations for the space vehicle
tracker with a pulsed signal input indicate that very
high tracking accuracy should be obtainable for a
high power laser source, Supplementing the normal
tracking techniques with time gating will consider-
ably reduce interference due to extraneous noise
sources,

The Reference Axes needed in the space vehicle are
provided by the tracker LOS to Earth and an addition-
al directional reference such as a canopus tracker or
a sun sensor or a nuclear gyro, etc, Error analysis
indicates only moderate accuracy is needed for the
additional reference., Contemporary celestial sensors
are adequate for this purpose,.

Preliminary analysis of beam spreading for static hom-

ogeneous and multilayer models shows that these effects
are negligible. Atmospheric turbulence represents the

major source of disturhance.

Trajectory analysis for a Mars Fly-By mission has bheen
carried out, and numerical values have been obtained
for selected points of lead angle corrections, angular
rates, and other trajectory parameters,

Analysis of the closed loop performance of the system
shows that the transmission lag does not introduce
major problems in system performance, In addition,
the closed loop encloses the fine beam deflection

system, thereby diluting some of the accuracy needed
in this systen.

A distributed receiving system for the Earth Station
is postulated whose design bypasses the coherence
degradation to be expected for lumped coherent sys-
tems, In addition, this configuration provides error
signals to the space vehicle to enclose the latter's
beam pointing system,
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9. Selection of a pulsed laser transmitter for the
Earth Station allows the use of a noncoherent space
vehicle receiver-tracker, obviating the problems as-
sociated with a space-borne coherent receiver and
the limitations of low power cw transmission, The
space vehicle transmitter, being cw of necessity
for data transmission purposes, is low power and
requires the use of coherent receivers for the Earth
Station where they are feasible. The distributed
receiving system overcomes the atmospheric limitations
on coherent reception,

10, Boresight maintenance in the space vehicle is encom-
passed within the closed loop tracking system.
Look-through techniques may be used for the correc-
tion of slow boresight drift.

VI PROJECT ACTIVITIES FOR NEXT PERIOD

1, Project activities for the next period will follow
the task sequence described in Section I, esp. Sect.
1 B, Figure 2, Because of delays and personnel
changes, some tasksoriginally scheduled for the first
period have been postponed to the second and third
periods., Phase II activities will be initiated.

2. In addition, emphasis will be placed on further at-
mospheric propagation analysis, in both directions
of propagation, i.e., space-to-Earth, Earth-to-space,
Specific system configurations for the space vehicle
and Earth Stations will be evolved for the Phase T1
error and trade-off analyses.

VII. CONFERENCES

Various project personnel attended the Optical Society of
America meeting in New York on October 9, 1964 to hear selected
papers on topics related to the beam pointing system,

VITII. MANPOWER UTILIZATION

A, October-November, 1964,
Project Director: A, Wallace - 288 hours
Project Engineer: G, Strauss - 312 hours

B. December-January, 1965,
Project Director: A, Wallace (1) - 312 hours
Project Engineer: G, Strauss (1) - 304 hours (2)

Notes: (1) Full-time program participants,
(2) Assigned to program on October 5, 1964,
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APPENDIX A
TRAJECTORIES FOR MARS FLY-BY MISSION *

I, INTRODUCTION

Suitable trajectories for Mars fly-by missions have been
determined (Refs, A-1, A-2), Given a trajectory, the position
and velocity of the spacecraft relative to the earth can be
determined at any time after launch., In the event that such data
is not available the expressions derived herein may be used to
yield detailed data for a particular mission.

I, TRAJECTORY PARAMETERS

The trajectories described in Refs., A-1, A-2 were deter-
mined using the valid assumption that the spacecraft is in-
fluenced by only one body at any time. The vehicle travels abhout
the sun on an ellipse, One point of the ellipse is common tc
the Earth's orbit (that is, the launch point); and one point on
the ellipse is common to the planet's (Mars) orbit (that is, the
arrival point). The influence of Mars is considered to be an
impulse function occurring at the time of arrival. This appendix
is concerned with the transfer ellipse, The semi-major axis, a,
and the eccentricity E of the transfer ellipse are known. The
launch time, TL' and the arrival time,T ,are known. For any given

time, the positions of the planets can be obtained from the
ephemerides, referenced to a given coordinate system and epoch,
For the present purposes, the coordinate system and epoch used
in Ref, A-1 were chosen, These are the heliocentric ephemerides
of the planets referenced to the mean equator and equinox of
1950,0., From these ephemerides the position of the Earth ﬂg(T)

can be found at time T and the position of Mars iﬁ(T) at time T,

In Ref. A-1, these coordinates are transformed to a heliocentric
ecliptic mean-of-launch-date system, for practical and computa-
tional purposes. First, a rotation is made to heliocentric
equatorial coordinates mean of 1950.0 to heliocentric equatorial
mean of launch date. This is accomplished by means of Matrix A,
whose elements are given below, .

¥ Based on notes prepared by S, Winsberg



o

kollsman instrument corporation

811 = 1 - 0.00029697T% - 0.00000013T3

2

12 = - 321 = - 0.02234988T - 0.00000676T° + 0.00000221T3

13 = - aSl = - 0,00971711T + 0.00000207'1'2 + 0.00000096T3

822 =1 - 0.000249761‘2 - 0.00000015T3

23 = - %32 - 0.00010859T% - 0.00000003T>

33 = 1 - 0,00004721T% + 0,00000002T3
where T is the number of Julian Centuries of 36,525 days past
the epoch 1950.0

The second notation transforms the coordinates from

heliocentric equatorial mean of launch date coordinates to

(A-1)

heliocentric ecliptic mean of launch date. This is accomplished

by means of matrix E, (-e):

[1 0 0
B' (e)=
0 cos e -sin e
0 sin e cos e

(A-2)

where e is the mean obliquity of the ecliptic on the launch date

and sin e and cos e are approximated by:

sine = sin e, + P(T)cos e, - 1/2 P2(T)sin eo‘l

cose =CO0s eg - P(T) sin e, - 1/2 Pz(Tkos eOJ
where: 2
P(T) = - 0,000227111T - 0,0000000286T
+ 0,00000000878T3
€ is the mean obliquity of the ecliptic for 1950.0
R Now, in general, the compbnents of the position vectors
R, and R, are found in mean-equinox ecliptic-of-launch-date
cgordina¥es by: ‘
Ry 3,
M M
> [ =E(-e)A 2,
RE R

(A-22)

(A-3)
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The heliocentric angle traversed by the vehicle from launch
to arrival, ¥, is computed from

cos o = ﬁE(TL) . ﬁM (Ty)

|§E (TL)I |ﬁM(TA)|

(A-4)
sin¥% = sgn [ (iE(TL) x ﬁM(TA) . f(] [l-cosz3" ]1/2

where K is the unit vector normal to the ecliptic plane in the
direction of the ecliptic north pole,

The unit vector W normal to the vehicles orbit plane is
given by:

B o= Rg(Ty) x Ry(1y) (A-5)

IﬁE(TL)| |‘r¥M(T )l sin
nclination of the orbit to the ecliptic plane i, may be

o,

nd the i
ound fro

'uu

"R

A A
cos i = W, K (A-6)

Figures A-1 and A-2 show heliocentric ecliptic coordinates
and the plane of the transfer ellipse,

Consider figures A-3 and A-4, which represent the transfer

ellipse for ¥ ¢X and #) 1 .
Now, from the equation for an ellipse,
-t
Ryen| = 2_(1-€2)
(1 + € cos 9) (A-7)
where O varies from 9, to (OL +¥) (A-8)
and 'RE(TL)| = a (1 -¢€2)
{1+ €cos GL) (A-9)
A-3
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Orbit Of Ma¥s

Orbit of Earth

Figure A-1, Heliocentric Ecliptic Coordinates

Orbit Of Mams

Orbit Of Earth

Figure A-2, Plane 0f Transfer Ellipse
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RM(TA)

RE(TL)

Figure A-3. Transfer Ellipse F<LX

2
_/

N

Figure A-4, Transfer Ellipse N ¥ (2K
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IT1. VEHICLE POSITION VECTOR IN HELIOCENTRIC ECLIPTIC
MEAN OF LAUNCH DATE COORDINATES:

a Consider a right-handed coordinate system (i", ?", ﬁ) with
X" in the direction & = 0. Then, from Figures A-3 and A-4,

Ryeh = Rcés © X* + Rsin o ¥» (A-10)

and, from equation (A—?)

Ryeh = _a(l-€2) X in 0 Y A-11
ve = - 0 X" + Y" -1
(Tr<co5 D) fcos sin ] ( )
Now consider the right-handed coordinate system
Ry
Rg (Ty) “
— _ Y', W,
Then
. R (T -‘
R, = a(l-¢2) [Rg (T |
-

h
Vel T+ <cos 0) [ cos (O-OL)IRE(TL) _* sin (o-oL)ﬂg i

Now consider the ecliptic mean-of-laupch date right-handed
coordinate system (I ,J K). The unit vector I is in the direction of
the vernal equinox; K is perpendicular to the ecliptic plane.

The angle i is the angle between K and W; and let the angle p
be the angle between E(TL) and I, the direction of the vernal

TReTuT

~

A
cos i = W, K

)

equinox. Thus,

sin i = sgn [(ﬁxﬁ). ﬁs(TL) ] a4 - caszi)ll2 (A-13)
Ikstlnﬂ

and a ~
cos F = Rg(Tg) oI

|§E(TL)| (A-14)

sin £ = sgn [(ﬁE(TL) x1). X1 - c'oszf)”2

e w——t
'RE(TL)I
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Therefore, in order to transfey to heliocentric ecliptic
coordinates, first rotate about the Rg(Ty) axis i degrees by

IkEthﬂ

means of the matrix E, (-i), and then rotate £ degrees about the
R axis by means of the matrix Es(f). Quantities Ej(i) and E3(P) are
given below,

r -y
1 0 0
El(i)- (A-15)
<+ 0 cos i -sini}
0 sin i cos'i.
- -
53(/°)= cos f° -sinf 0 L (A-16)
{ sin f cos f 0 i
0 0 1
- .
Thus, - - (A-17)
> A A & . Y - A A
Ryen (I J K) = Es(fj El('l)kveh RE(TL) » YW

-
Re (Ty)

L. -
Equation (A-17) is an expression for the vehicle position
in heliocentric ecliptic mean-of-launch-date coordinates. It is
given as a function of @, However, @ may be expressed as a func-
tion of t, the time after launch, as follows: (A derivation of
this expression may be found in Refs., A-2 and A-3).

When oO=% O =T and 0= _+)Yy =N«
or when ¥ = 0, =2X and =< S_+*r)y = 2%

then t =|a3/GMs- [(X - sin®) - (B - sin ) ] (A-18)

where G = universal gravitational constant

Ms = mass of the sun
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- (A-18)
Cond.

sin Q. /2 =J [Rven (M| + |Re(Ty)] - cf
4a

s0/2 - [ O] * [eto] ]
4a 7

veh (T) = R (Tp)

Py PN
C = R

In all other cases

t = ,la-”/cus [ 2% - (- sino) - (B- sinB) ] (A-19)

Since the position of the vehicle has been expressed in
heliocentric-ecliptic-mean-of-launch date coordinates as a function
of @ and 9,, and t has been expressed as a function of these

variables, an expression has been obtained for the vehicle posi-
tion as a function of the time t after launch.

IV, RELATIVE POSITION OF VEHICLE TO EARTH

Using equations (A-17) and(A-18), ﬁveh can be computed as
a function of t, the time after launch in heliocentric ecliptic
mean-of-launch-date coordinates; and using equation (A-3),
can be computed as a function of t in the same coordinates, Then,
the relative position of the vehicle to Earth can be computed in
heliocentric ecliptic mean-of-launch date coordinates.

S EN -
R - (t) AAan = R £t - R IE (A'ZO)
veh-E 1JK veh Iﬁi E 13

where
t = T“TL

To obtain the position of the vehicle relative to a parti-
cular lattitude and longitude on Earth, the relative position
of the vehicle is first transformed from heliocentric ecliptic
to heliocentric equatorial, by means of the matrix E;(e), where

Eij(e) is defined as in equation (A-2). Note that:

Ej(e) = El'l (-e) ; and El'l(e) = Ej(-e) (A-21)
that is, ~ N
'ﬁ‘veh B (tg_ = 7 ‘(e) Rp.p 1) (A-22)
13 15K :

where ifﬁ indicates heliocentric equatorial coordinates,
A-8
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Now the relative position of the vehicle in heliocentric
equatorial coordinates is just the position of the vehicle in
geocentric equatorial coordinates. Thus,

_5 -
Ryen (t)1ip = Ryeh-E (E) = E(e) Ryen-e(t)ijsg (A-23)
where the subscript ilp 1nd1cates geocentric equatorial coordinates,

At a given point on the Earth defined by angles O\ and &
(see Figure A-5),

Ryen (t, QL & ) =[E;, (-¢) Ez (AL) f{\veh

t) -vV ] (A-24)
VEN Lp

(
1

where r = radius of the Earth quantity E; has been defined in
equation (A-16), and E; is defined below.

cos o 0 sin &
E3(c) =4 0 1 0
(A-25)
-sin T 0 cos <

The pos1t10n of the Earth in the coordinate system on the
vehicle (bl 52 53) is given by

(A-26)
Re (t) =E(°))E( ) E<(h 1) (R ) L)
E (818,8) 1(73) E; '? 2) E3 ? 1 £-véh : 52
where N N R
Re.$80 = -R(t) = Rg(t) - R, (1)
veh ~E

and ? 1,7 2’7 3, are defined in Figure A-6.

v. RELATIVE VELOCITY OF VEHICLE AND EARTH

The velocity of the vehicle in the heliocentric ecliptic
mean-of -launch-date system is given by
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K (Perpendicular to the
Ecliptic)

>

i (Vernal Equinoxj

raoa

Ecliptic (ijﬁ) Geocentric Equatorial (ILP)
and (Qﬁﬁ) Coordinates

A
K
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C(A=27)

v h(t)l
ve [_(W X A (t)] cos + 'E (t)sin I"veh

veh veh
veh(t

.%}é’

~

A t
Where Ryep 3nd W are expressed in heliocentric coordinates

->
Ivveh(t)|=\/cus (2 - 1/a)
Rveh(t)

sin Fveh' f IRveh(t)l € sin O
vehP

o s /2 1f 0 £ 9 s

- < < i ¢
/2 P veh 0 ifS o 27

The velocity of the Earth in heliocentric ecliptic mean-of-
launch-date coordinates is given by:

=N

t
g (O |V ®))
AAAN A - R
(1JK) = ——" | (K X Rg(t)) cosPM+ Re(t) sinl | (A-28)
[ 0] :
where R (t) is expressed in helio ic coordinates
-1 )
|VE(t)I -,/GM (‘TR‘T‘ %
1
sin[', = R |
£ % = ¢, Sin o
(1- €.2) (2a;-] E(t:)| )
Sin OE = RE . a
X ]
> A
cos OE = RE . U
IHEl
A A A
Q =KXU

A-11
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A
U is the unit vector towards the Earth perihilion

ap = the semi-major axis of the Earth's orbit
eg ° the eccentricity of the Earth's orbit

Therefore, the relative velocity of the vehicle to the
Earth in heliocentric ecliptic mean-of-launch-date coordinates
is given by:

2

v (®) v (V)
Vien-g(t) = Voen - Ve | (A-29)

AAA ~ AN A AN
1JK I1JK I1JK

The relative velocity of the vehicle in other coordinate
systems is indicated in Table A-I,

Table Al summarizes the results of this appendix. All

the symbols used in the table are presented in the body of this
appendix,



kollsman

TABLE A-1,

instrument corporation

TRAJECTORY DATA

VECTOR COORDINATE SYSTEM SYMBOL EXPRESSION
1
Position Heliocentric Equa- RE(t) Found from ephemerides
of Earth torial mean of 1950.0 .
Position Heliocentric ecliptic iE{t& ﬁg,..' Ej(-e)A (Tp) Ré
of Earth mean-of-launch date 1JK
Position of Heliocentric ecliptic veh(t) Rye (t)-EsgD) Ej(-1)]_a 1.€2 0s(0-0.)
Vehicle mean-of-launch date iix Ejﬁ (1+€cos 9)|isin(e-0y)
Relative Heliocentric ecliptic ﬁveh-E(t) Rveh E(t) - Rveh(t) ~RE(t)
so;itiontof mean-of-launch date IJK 1JK 1JK
ehicle to
Earth
Position of Geocentric equatorial ve (t) veh(t) = E; (e) R, ()
Vehicle mean-of-launch date ?
ILP IJK
”~
5:;;:§:n of t:c;:r:;ordxnate system veb(t) veh(t) -[52 (-6‘)33(C1 )Rveh-r v}
VEN VEN ILP
:osi:ion of Vehicle coordinates RE(t) ﬁE(t)-sl(’7 3)52(-72)53(7 Y '-ﬁ"h_ﬁ(t)
art A A A & a
§,8,5;5 18,8, i3k
Velocity of Heliocentric ecliptic V,en(t) VVJH‘J 'lvveh| xﬁ h(t) co,z; ve h(t)31n D
Vehicle mean-of-launch date 1JK 1JK
veh(t’|
Velocity of Heliocentric ecliptic VE(t) VE(t)- IVEI KXR (t) cosf’ E(t) sinl‘
Earth mean-of-launch date 1JX 1JK
[fe ¢
S )
Relative Heliocentric ecliptic ) v (t) v, (t)
Velocity of mean-of-launch date vehfﬁ veh-E “veh E...
Vehicle to ) JK 1 1JK 1JX
Earth
>
Velocity of Geocentric equatorial v (t) v (t) = E_(e) V (t)
Vehicle mean-of-launch date veh ' = veh '~ 1 veh-E
ILP ILP 1JK
Velocity of Local dinat Vo Vo(t)= E E (C2)V E
- - -
Venieley OF Loeplgporatnate systen V(0 V(0 ¢ B (o)E(R)T, (1)
VEN EN ILP
v=Earth's rotation
velocity
b -
Vehi - -
:;:o:i:{hof ehicle coordinate VE;tz X VE(t).El(? 3)52( 7 2)53(7 1) vveh-s(t)
AAA
13253 515253 13x
A-13

veh
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APPENDIX B

FRANSIT TIME CORRECTIONS*

I. INTRODUCTION

The line of sight of an Earth-to-vehicle or vehicle-to-
Earth transmitter must take into account the time required for

signal transmission., During this time the relative positions
of vehicle and Earth have changed.

II, EARTH-TO-VEHICLE TRANSMITTER

The transmitted signal travels with velocity c. Denoting
the transit time as A t,

R (t+at) = cat X = R (t) + V )y [at] (B-1)
veh veh veh L J )
AAA AA AAA
VEN VEN VEN
where
R (t) = vehicle position in earth coordinate system at
veh .
LA time t after launch
VEN
A k3
Vyen(t) = vehicle velocity in Earth coordinate system at
VEN time t after launch
X

is a unit vector in the direction of the transmitter

It is assumed that the velocity of the vehicle is constant
during the transit time., Since Yeh ¢«<1, special relativistic
c

effects have been neglected. One must now solve for A t.

Consider Figure B-1, From the law of cosines and the law

of sines
FLY
c2(at)2e R (1) R- [V () ]2(at)?
veh Veﬁkﬂ
cos L = VENA VEN (B-2)
2c (A t) P\/eh(t)

¥ Based on notes prepared by G. Schuster and S, Winsberg
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A Py

cos/? = R:e&t) " Yved®) (B-3)
leeh(t)' '%eh :t)l
PVven ()] sin/3

sinCL = (B-4)
c

Combining equations (B-2), (B-3), and (B-4)

2¢ F&veh(t)| cosOL + jdcz m (t)' 2cosly- 4‘ﬁv h(t:)lz(t: -|V ,g )|2veh

Ot =
2(c2- vzj
(B-5)
Re-arranging and manipulating equation (B-5)
Py - >
c {R (t)] cosqx+ |V (t) ‘R (t)\ cos
At = ‘ veh I — l veh l veh , _Z? (B-6)
(c? - v}

or

veh(t)\ !cosCZ + veh(t)! cos/gi]

ot e (8-7)
lv t
__v%gi_l.. I

In order to determine the correct sign in equation (B-7),
consider the following special cases.

Case I: (A= 0 /3 = 0: The vehicle is travelling away
from the Earth 1In the line of sight. 1In this case the positive
sign must be chosen ]
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Case I1 (X = 0,/3 =X : The vehicle is travelling towards
the Earth in the direction of the line of sightsAgain the
positive sign must be chosen, '

[Rven (0] Ll- ineth)l']
C

[ ol

Therefore, in general

At =

| DR

: A
l-ﬁveh(t)‘ zgCOsQ,s Vyen(t) cos/f3

At = ~ £ (3-8)
r‘ Vyeh(t)
L c? N
Now consider equation (B-1). The transmitter must be
oriented in the direction of the vector Ry., .. (t + A t), that is,
VEN
A
in the direction of the unit vector X, But
r AY Y
|
A ! Rveh(t) . Vveh(t)
X = L eclat) c (B-9)

where At is given by equation (B-8). 'Now ﬁ may be written as
A A A A
X = aN+bEs+ dV (B-10)

From Figure B-1, the azimuth angle @, and altitude angle 9@
are then given by

@ = tan-} (a/b)

- d ' (B-11)
ﬂ = tan 1 \v—(a'z’bi)l/z_}
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II1. VEHICLE-TO-EARTH TRANSMITTER

Consider Figure B-2, By analogy with the previous case

-

> A -~
Rg (t+at) = c(At)Y = Rga . (F) + VE, A(3)(AL)
§1§2§3 5132§3 9152§3
where
-
. Ve (t) cos Y
tREA §(§) cos £ + | 51§253
A 515253 - o
t= —
Ve, A »‘2
E
_ l g1§2§3 _
c L l - c‘ J
RE(E). . = position of Earth in vehicle coordinate system
515253 | |
Ve(t) = velocity of Earth in vehicle coordinate system
§lgzgs |

~
Y is a unit vector in the direction of the transmitter

¢ 1is the velocity of light

sin § = |VE_ (V) sin Y §_<_’]f
515,53
[
Y
cos ¥ = Rg, (2) . VE(t), |,
515253 S15283 Y <
RE (t) VE (t)
~ " LY .3 N
§,5,8,4 $,5,83

(B=12)-

Now consider equation (B-12) and Figure'B-Z. The trgnsmit-

ter must be oriented in the direction of the unit vector Y,



Figure B-2,

[/5)]
w

S,

Orientation of Vehicle to Earth Transmitter
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Re (t vV
EA(A)/\ re VEA E)h
,Y\ _ 515253 815253 (B-13
c(at) c -13)
and Y may be written
A ~ ~
Y = e S, + sz + g S, (B-14)

and the orientation angle’sgl,g 2, and '33 of the transmitter are
thus given by

tan~1 [g/f)

$1
S 2

N

The position and velocity vectors of the Farth and vehicle in
the vehicle and Earth coordinate systems respectively are derived

in Appendix A for a given trajectory. The coordinate systems are
also discussed in Appendix A,

-1

"

tan [e/g] (B-15)

-1

tan

[f/e]

B~7



kollsman instrument corporation

APPENDIX C

TRANSIT TIME AND ABERRATION CORRECTIONS*

I. INTRODUCTION

In Appendix B, the required line of sight of an Earth Station
to vehicle or vehicle to Eart* Station transmitter was derived as
a function of trajectory data. A transit time correction was made
in order to correct for the time required to transmit a signal from
the Earth Station (or vehicle)} to the vehicle (or Earth Station)
owing to the relative velocity of the vehicle (or Earth Station)
in the Earth Station (or vehicie) coordinate system. This correc-
tion is a ballistic correction and does not involve any special
relativistic effects as all ef ~cts are referred to one coordinate
system., However, in determining the required line of sight for
the receiver, special relativistic effects must be considered,
the reason being that a signai received in one coordinate system
has been transmitted from another coordinate system moving with
a relative velocity with respect to the first, This correction
is called an aberration correction. The aberration correction
may be made non-relativistically from a ballistic point of view.
The received signal may be considered as having been retarded by
a time A t. Essentially, then, a transit time correction is being
made. However, this approximation is only correct to first order
in v/C.

II. RELATIVISTIC ABERRATION CORRECTION

The lead angle,(Ql 3p, necessary to correct for aberration, is
given by Ref, C-1:

G =ﬁl'/g | (c-1)
where
sin 3 = sin 3V [1- E?_g%j 2} 1/2
e cos /31 (C-2)

ﬁggi(t) . vrel(g?
lﬁQbs(EJl IV}el(@q

cos/g' =

(C-3)

where
ﬁobsrel(t) = the observed position of the vehicle (Earth

Station) in the Earth Station (vehicle)
coordinates,

* Based on notes prepared by S. Winsberg and G. Schuster



kolisman instrument corporation

- .
Vrelft) = the velocity of the vehicle (Earth Station) in
the Earth Station (vehicle) coordinates,

h
lRobsrel(tﬂ = the measured range of the vehicle (Earth Station)

-
Robs(t) = the observed position vector of the vehicle
IRobs(t] (Earth Station)

- 1

]Vrel(t)lcos/g‘ = radial velocity of the vehicle (Earth Station)
in the Earth Station (vehicle) coordinates
measured from the doppler shift.

Vrel(t) is calculated from the radial velocity and the traj-
ectory data.

=3

he receiver is pointed in the direction
N, A
X=a; Vb E+dgN
or R R (C-4)
= a; 8; + by Sy + dy S3

where the azimuth and elevation anglesgsl and ¢1 of the receiver
are known,

“ d '
= -1 1 -5
Sl tan 5T (C-5)

-1 a1
gy = tan b12 * d2y1/2

III TRANSIT TIME CORRECTION

Let At denote the time required to transmit the signal.

Let ' denote the delay time between receipt of the signal
and transmission of a second signal based on information received.
(The delay time, I , is due to information processing.) Then,
from Figure C-1 and Ref, C-1,

lﬁl = ‘ﬁrel obs (t)lsin/g'

sin/S’ | (C-7)
IVre1(ey! [sin/3] [1 + £ ] ~ (c-8)
sinclT — _'C—(LL ﬁ avs '

AT =

_;;a — co 2 + 1 2 Jvhe 2 sin re + IR s
L T VAR R Ue
rej} ¢

[\
1 - (c-9)

Cc-2




V(0 [at+r]

Figure C-1a Relativistic Diagram

Tt Bter]

Figure C-1 Lead Angle Correction Due To . c3
Aberration and Transit Time Effects -
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IV TOTAL CORRECTION

The total lead angle,Cl, is given by
a = QT + aab (C'IO)

The transmitter must be pointed in the direction of the unit
vector X , where

Tr v
* - rel 1 + T/At -
X = zmey * el [ /at] (C-11)
N AN N
= aV + pHE + d N .
0, R A (C-12)
= asS; + b SZ + d 53 .

The azimuth and elevation angles of the transmitter,S and
@ , are then given by (see Figure C-2):

& . tan-1 & (C-13)

-1 a
tan (m_@ (c-14)

In the non-relativistic limit (that is, to order IVrel[ the
c
total lead angleC§ . _..; is given by (from Figure C-1b):

. _IVrel i '
SinCponorel = |Vre 'sinﬂ [1 AN }

«
t

c At At (C-15)

where

{Rob
At = leesl (t)! (C-16)
C



Ll

™

Figure C-2 Azimuth And Elevation Angles of Earth Station
Vehicle Receiver and Transmitter

s Z»
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APPENDIX D

LEAD ANGLE, AZIMUTH AND ELEVATION RATES*

1 INTRODUCTION

S D
In this appendix Rrel and Vrel will denote the relative
position and velocity of the vehicle to Earth Station, or vice
versa. The Earth Station coordjinates will be denoted as VEN;
and those of the vehicle as S; S, S3. Thus, all equations w111
be written to apply to transmission from the vehicle to the Earth
Station, or from the Earth Station to the vehicle,

II RATE OF CHANGE OF THE LEAD ANGLE

From Appendix C, the lead angle,cz, may be.written as

CY =Ctab <& T (D-1)
where
Q ab = :'.'f -ﬂ' - (b-2)
/ 1/2
51n/3' L - l_iil__ ’
sin/3
(D-3)
1+ Eﬁiﬂ cos/g'
S
Robs (t) « Vrel (t)
cos B' = _rel (D-4)
o Rebs o fFrer ol
sinQq = ‘E{L(—t—n [sin/QJ [1 + K]'E' ] (D-5)
|Vre1l|R|cqu + WrelErtlJlszE-IVrellzsin%go Wreﬂ2T2+ﬂVreﬂrﬁkos
c2 cZ o« ¢t (D-6)
;ﬁl = ‘ﬁrel obs (t)l sin[g
sin 3 (D-7)

AN
Quantities Rrel obs (t), Vrel (t), and T.,are defined in
Appendix C as follows:

ﬁobs rel (t) is the observed position of the vehicle (Earth)
in Earth Station (vehicle) coordinates;

BN i
Vrel is the relative velocity of the vehicle (Earth Station)
in Earth Station (vehicle) coordinates,

® Based on notes prepared by S. Winsberg and G. Schuster
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| ]However, the total lead angle, (Y, may be written to order

1las,

2 ol
rms of or Vc.ll ter lV,, ‘ sun
o - o vremrone bl | [ s8]

where/g' is defined in equation (4).
Therefore, when-r-(l to order -LYU-LL

GM 2, +¢v,.. R,J% . Mgmdu@%

. (D-9)

\Ls

= St.n.

CJQ _2_ d IVc.l Stn'ﬁ - lV ‘l R(el
t c d{

$ Lo tot 3 i 1 fl\l Il A\—Zz . ;R\ub\ ]
Zt |<&mﬁ —t-é‘) —5?# L]T-:T ‘bnﬁ Llel it ‘ \Rnll J}

where

SRel _ Vo

it (D-10)

cos (9-01) R
Y Q sun (0~ - K AR Lt) .
R = i;E(c)E()(Hﬁmﬂ[ g’mq 2 AT '3 (0-11)
. (o- o)1)
RO + 2k A (R @ - ?ico o5

IRl = B2 Co0)Es @gm R (F€esoy| ¢ E

- Tl (ved sl YRl (RxRe@ coslt Resial )G o
V. =t 46 Co)L@K, &VWI(N [\r/x&u({)@sr’rP MOE Pl T%)—L"t Coste T N E)}‘[(D 13)

| . 3
= Ep_(‘O‘)Es@K. lesz* IV{ lz‘f vty ({)E'E)vi' @ v D-14)

-

\/rtl

GM s\
é.g.= :aT‘e'sr Q+<co )

All the above quantities are defined in Appendix A, as are
K2 and K1 (constants of the motionm).

{D-15)

D-2
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Where there is a (+) sign, the plus sign is for Earth Station
to vehicle transmission and the minus sign is for vehicle to Earth
Station transmission.

IIT RATE OF CHANGE OF THE AZIMUTH AND ELEVATION ANGLES OF THE

R
From Appendix C, the azimuth angle of the transmitter, E;, is
given by
53 = fan' (d/b) (D-16)
therefore,
d% L 404 _ 4 dlb) | D-17
e ‘0-&)[ ¢ dt (0-17)
where 24 b dl= 1 (D-18)

= o0 L B 1.[E
oz | W (i) SR

Quantities At and I are defined in Appendix C. Quantity E
applies to Earth Station to vehicle transmission, and Sz to
vehicle to Earth Station transmission,

d = Cl(At \R - m [v:d]{@“r)]. @ (p-20)

3

11
J

J (D-19)

:ri,‘\(t) =R, (-av)+ Vier @) [A VJ (D-21)

N applies to Earth to vehicle transmission, §3 applies to
vehicle to Earth transmission.

From Appendix C, the elevation angle, @, of the transmitter
is given by _

- x® .
¢ = ta,ﬂ ((V”Fd;ju" ) (D-ZZ)

and
d’q_ ] (h:.&oiz)‘/a. i@ — | &[%%')‘ tm (D-23)
i1 - dt (b 41"
D-3
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where

) {
- -L—-—- : ;0
d = e (at) e Q0+

<>

] “Vui ({){A‘HT]'[

J

PP
g - 4

<>

and applies to Earth to vehicle transmission,

A
S applies to vehicle to Earth transmission.

(D-24)
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